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PREFACE TO FIRST EDITION 


This book is intended for students reading for final degree 
and other advanced examinations, and possessing the amount 
of information on the properties of the elements and their 
compounds, and of technical processes, usually covered by the 
intermediate university courses. 

We think that, by omitting the more elementary parts, 
we shall have brought the systematic aspect of the subject 
more clearly into prominence. The Periodic Law still affords 
the most complete method of systematic classification, and 
our treatment is based upon it— the book being, indeed, an 
exposition of that law. 

The chapters on the Atomic and Molecular Theories, on 
Oxides and Allied Compounds, and on Oxidation and Re- 
duction, are not intended to be complete accounts of these 
topics, but rather to recapitulate what the advanced student 
already knows. We presuppose some acquaintance with the 
elements of modern physico-chemical theory; and we have 
not hesitated to draw illustrations, when desirable, from 
the chemistry of the carbon compounds. 

We have made free use of the best modern textbooks and 
current literature, and desire to acknowledge our indebtedness 
' especially to the works of Dammer, Mendeldeff, Roscoe and 
Schorlemmer, Ostwald, and Treadwell. 

R. M. C. 
G. D„ L. 




PREFACE 

TO THE FIFTH EDITION 


For this edition the book has been thoroughly revised 
and much new matter added. 

In particular, the notes on the electronic interpretation 
of valency and molecular structure, formerly placed in an 
Appendix, are now incorporated in the text. To meet these 
changes. Chapters I and II have been recast utilizing some 
material from Chapter XIV. Chapter I contains the older 
atomic and molecular theories, Mendel^’s periodic law, 
and pre-electronic theories of valency. Modem electronic 
theories appear in Chapter II, and Chapter XIV deals with 
radioactivity and nuclear transformations. A discussion 
of oxidation and reduction from the electronic standpoint 
is given, and the importance of the newer study of crystal 
structure is shown in the section dealing with the silicates. 

Sources of information are indicated by the name of the 
author (in case of joint-authorship the first name is given) 

' and the year of publication. It is hoped that these will serve 
as due acknowledgment, and also admit of further reference 
through the Indexes of British Chemical Abstracts, Chemical 
Abstracts, and Chemisches Zentralblatt. 

I am deeply indebted to the publications of Professor 
N. V. Sidgwick, and to tbe Contributors in the Anrmal Reports 
on the Progress of Chemistry, published by the Chemical 

Society. I have to thank Professor J. Muir and Dr. M. M. 

va 
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J. Sutherland, of the Royal Technical College, Glasgow, 
for helpful discussion, and the assistance of the latter in 
reading the proofs is gratefully acknowledged. 

It is a privilege to offer this Revision as a tribute to the 
memory of an inspired teacher, Dr. R. M. Caven. 

June, 1936. 


NOTE TO PRESEN'r EDITION 

The present Edition has given an opportunity to make 
a few corrections and improvements. Several portions of 
the text have been re-written in order to include well- 
established advances. 

A. B. C. 

March, 1939. 
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1 

Hydrogen 


2 

Helium 


3 

Lithium 


4 

Beryllium 


6 

Boron . . 


6 

Carbon 


7 

Nitrogen 


8 

Oxygen 


9 

Fluorine 


10 

Neon . . 


11 

Sodium 


12 

Magnesium 


13 

Aluminium 


14 
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15 

Phosphorus 
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17 
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Argon . . 


19 

Potassium 


10 
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21 

Scandium 
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Titanium 


23 

Vanadium 


24 
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26 

Manganese 


26 

Iron 


27 

Cobalt 


28 

Nickel . . 


29 

Copper 


:’o 

Zinc . . 


31 
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32 
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33 
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34 
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36 

Bromine 
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37 
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38 

Strontium 


39 

Yttrium 


40 

Zirconium 


41 

Columbium (Ninbium) 

42 

Molybdenum . . 



Symbol 


Atomic 

Weight. 

H 


1-0080 

He 


4-003 

Li 


6-94 

Be 


9-01 

B 


, 10-82 

C 


12011 

N 


14-008 

0 


16-000 

F 


19-00 

Ne 


20-183 

Na 


22-991 

Mg 


24-32 

A1 


26-98 

Si 


28-09 

P 


30-976 

S 


32-066 

Cl 


35-457 

A 


39-944 

K 


39-100 

Ca 


40-08 

Sc 


44-96 

Ti 


47-90 

V 


60-96 

Cr 


62-01 

Mn 


64-94 

Fe 


66-86 

Co 


68-94 

Ni 


58-69 

Cu 


63-64 

Zn 


65-38 

Ga 


69-72 

Ge 


72-60 

As 


74-91 

Se 


78-96 

Br 


79-916 

Kr 


83-80 

Rb 


85-48 

Sr 


87-63 

Y 


88-92 

Zr 


91-22 

Cb (Nb) 


92-91 

Mo 


96-96 


naciv 
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WeiglM. 
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Ru 
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Silver . . 



Ag 
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Cd 

112-41 

49 
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In 
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Sn 

118-70 

61 

Antimony 



Sb 
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Te 
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Iodine . . 



1 

126-91 
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Xe 

131-3 
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Cs 
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66 
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137-36 

67 
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La 

138-92 

68 
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Ce 

140-13 

69 

Praseodymium 



Pr 

140-92 
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Nd 

144-27 

61 

Promethium . . 



Pm 

. . [146] 
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Sm 

160-43 

63 
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Eu 

162-0 

64 

Gadolinium . . 



Gd 

166-9 

66 

Terbium 



Tb 

158-93 

66 

Dysprosium . . 



Dy 

162-46 

67 

Holmium 



Ho 

164-94 

68 

Erbium 



Er 

167-2 

69 

Thulium 



Tm 

168-94 

70 

Ytterbium 



Yb 

173-04 

71 

Lutetium 



Lu 

174-99 

72 

Hafnium 



Hf 

178-6 

73 

Tantalum 



Ta 

180-96 

74 
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W 
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Re 
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Ir 

192 2 

78 
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Pt 
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79 

Gold . . 



Au 
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Hg 

200-61 

81 
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T1 

204-39 

82 
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Pb 

. . 207-21 

83 

Bismuth 



Bi 

. . 209-00 

84 
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Po 

210-0 

85 

Astatine 



At 

. . [210] 

86 
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Rn (Em) 

222-00 

87 

Francium 



Fr 

[223] 

88 

Radium 



Ra 

226-06 

89 

Actinium 



Ac 

[227] 

90 

Thorium 



Th 

232-05 

91 

Protactinium . . 



Pa 

231 

92 

Uranium 



U 

238*07 
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93 

Neptunium 


. . Np 

. . [237] 

94 

Plutonium 


,. Pu 

. . [242 

96 

Americium 


. . Am 

. . [243 

90 

Curium 


. . Cm 

. . [246 

97 
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.. Bk 

, . [246' 

98 

Californium . . 


.. Cf 

. . [248 

99 

Einsteinium . . 


.. E 


100 
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. , 

.. Mv 



Values in brackets denote the mass-number of the isotope 
of longest known half-life. 



INORGANIC CHEMISTRY 


CHAPTER I 

THE ATOMIC AND MOLECULAR THEORIES 
CLASSIFICATION AND THE PERIODIC LAW 

When two or more substances unite together to produce a 
third substance, as, for example, when copper unites with 
oxygen to form copper oxide, an exammation of the nature 
and result of the change reveals certain qualitative and quan- 
titative relationships between the interacting substances and 
the product or products of the reaction. 

Qualitatively, adhering to the example stated, and supposing 
the change completed, the product of the operation is seen to 
differ in obvious properties, and in its relationships to other 
substances, from copper, which as a metal has disappeared, and 
from oxygen, which no longer exists in the system as a gas. 
Nevertheless, both copper and oxygen are obtainable from the 
product of their union by suitable processes of analysis. 

A change has therefore occurred different from that procur- 
able by a simple process of mixture, and it may be concluded 
that a more intimate state of union has been entered into. 
Moreover, the change from metal to oxide is not gradual but 
sudden, or at any rate takes place in well-defined stages; an 
intermediate stage consisting in the formation of a lower oxide 
of copper is possible in the case discussed, but what is true for 
the final is equally true for the intermediate stage. If the 
change is incomplete, a part of the copper will be found in the 
form of oxide, the remainder unchanged. 

Material changes, such as that just described, are generally 
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observed to be accompanied by the evolution or absorption of 
energy in the form of heat, light, or electricity. When, for 
instance, copper and oxygen are brought together under con- 
ditions in which they combine spontaneously, a considerable 
amount of heat energy is evolved, so that less energy is present 
in the system after the change than before. 

Quantitative examination of the action reveals regularities of 
a striking and far-reaching character. The evidence of the 
balance shows that the actual mass proportions in which the 
participants of the reaction combine is fixed, as w6fl as the 
amount of the substance formed, no matter whether the oxide 
in question is produced directly or by an indirect process, and 
that from a given mass of the compound the same mass of 
each of the constituents may always be obtained by analytical 
processes. These facts depend firstly upon the law of the 
indestructibility of matter or conservation of mass, established 
by Lavoisier about 1770, and secondly upon the law of definite 
or constant proportion which was recognized as the outcome 
of a controversy between Berthollet and Proust in the years 
1801 to 1808. 

Law of definite proportion. — The same compound always 
contains the same elements combined together in the same definite 
mass proportions or, the masses of the constituent elements of 
every coynpound bear an unalterable ratio to each other ^ and to 
the mass of the compound formed. 

In the case under consideration 3-973 parts by weight of 
copper invariably combine with 1 part of oxygen to form 
4-973 parts of black copper oxide. 

The evolution of heat energy in such a combination as this 
is also susceptible of quantitative measurement, and for any 
particular reaction is constant in amount, the final result being 
the same in whatever way the reaction is brought about. For 
instance, when 3*973 gr. of copper combine with 1 gr. of 
oxygen gas, heat equal to 23-25 K is evolved. 

• K ~ a large calorie, i.e, the amount of heat required to raise a gramme of water 
from o® to loo”. 
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When two substances combine, more than one product may 
result. If so, the mass proportions in which combination takes 
place are simply related, being expressed by such ratios as 
1 : 2, 2 : 3, and so forth. 

Copper, for example, forms with oxygen a compound con- 
taining 7*946 parts of copper to 1 of oxygen, that is, exactly 
twice the proportion of copper contained in the previous 
compound. 

If in any case a mixture of the two oxides were obtained and 
analysed, the proportion of copper present might be found to 
lie anywhere between the two extremes; and so it might appear 
that the composition of oxide of copper could vary within 
certain limits. A mistake of this kind was made by Berthollet, 
who on this account denied the law of definite proportions. 

For instance, in the case of tin, two oxides are known in 
which the proportion of tin to oxygen is 

7*44 : 1 and 3 72 : 1 respectively. 

If a mixture of these two oxides were analysed the proportion 
of tin to oxygen would be found to be between 7*44 and 3*72. 
Proust showed, however, that the variation observed by 
Berthollet was due to the existence of mixtures in indefinite 
proportions of two compounds, each of definite composition; 
and as an outcome of the work of Proust and of Dalton the 
following law was established: 

Law of multiple proportions . — When the same two 
elements combine together to form more than one compound, 
the different masses of one of the elements which unite with a 
constant mass of the other y bear a simple ratio to one another. 

If an element is known to combine separately with two other 
elements which also possess power of combination with each 
other, then further simple mass relationships present them- 
selves. For instance, 1 part of hydrogen is found to combine 
on the one hand with 35*18 parts of chlorine, and on the other 
with 10*26 parts of phosphorus. Then it is found that 10*26 
parts of phosphorus is the amount which will combine with 
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35*18 parts of chlorine; so that, considering these quantities 
as representing amounts of phosphorus and chlorine respec- 
tively which are “ chemically equivalent ” to 1 part of hydro- 
gen, it may be said that amounts of these elements which are 
chemically equivalent to the same amount of a third element 
are also chemically equivalent to each other. 

This fact may be illustrated by the following diagram: 



The third law of chemical combination, of which the above 
instance is an illustration, may now be stated as follows: 

Law of reciprocal proportions .—TAe masses of different 
elements which combine separately with one and the same mass 
of another element are either the same aSy or simple multiples ofy 
the masses of these different elements which combine with each 
other. 

The law of multiple proportions may also apply to the 
manner of combination of each pair of elements considered 
in the statement of the law of reciprocal proportions, as is 
provided for in it. 

The facts of constancy of property and constancy of relative 
combining mass, which are made manifest by a study of the 
mutual actions of matter in bulk, form the basis of Dalton’s 
atomic theory. This theory accounts for these facts by the 
doctrine of the atom; what is true for the bulk is supposed 
equally true for the ultimate individual particle; union known 
only in bulk is assumed to consist essentially of union between 
atoms or discrete individuals, which for a given substance are 
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all alike and possessed of the same mass. Consequently the 
mass relationships in which matter combines in bulk represent 
the mass relationships of the ultimate particles. 

The atomic theory of Dalton may thus be stated: 

(i) Every element is made up of homogeneous atoms whose mass 
is constant. 

(ii) Chemical compounds are formed by the union of the atoms 
of different elements in simple numerical proportiom. 

Modern knowledge has somewhat modified Dalton’s con* 
ceptions; to what extent must now be briefly considered. 

The atom is known to be a complex structure consisting 
of a positively charged nucleus surrounded by electrons suffi- 
cient in number to maintain the neutrality of the atom as a 
whole. 

Again, the atoms of any one element may not all have the 
same mass. It was supposed by Crookes that the masses of 
the atoms of an element might vary within certain limits, 
and first shown to be true with elements derived from radio- 
active sources. Indeed the majority of the elements each 
possess atoms which exhibit the same chemical properties, 
but whose masses vary (isotopy), the atomic weights derived 
by chemical methods being mean values. 

Further, many compounds are known whose atomic pro- 
portions are not numerically “ simple ”, though they are 
“ integral ”, and in no way stand apart from the theory. 

The modern atomic theory differs from the atomic theory of 
the Greeks because it is made contingent on fact, and moreover 
serves as an instrument of investigation and discovery. It is 
a valuable working method, and not merely an intellectual 
hypothesis, like classical atomism. It is well to bear in mind 
that the atomic theory is based upon the laws of chemical 
combination, and did not originally stand apart from them; 
and, further, that the theory does not concern itself with the 
ultimate nature of matter, still less with metaphysical specula- 
tions upon its reality, but with the units of chemical exchange. 
And, if it is argued that since modern discovery has proved that 
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these units are not atoms in the etymological sense, therefore 
the atomic theory is discredited, it may be replied that they 
are real though divisible, and that discredit only results from 
pushing the theory beyond the limits of the experimental 
laws. 

The atomic theory, thus experimentally deduced, serves as 
the basis of modern chemistry, and is therefore a fundamental 
doctrine second only in importance to that of the conservation 
of mass, upon which indeed it rests. The development of 
modern chemistry has been on the lines indicated by the 
theory, and each extension of chemical knowledke has served 
to amplify the theory. 

An ultimate chemical individual, in the case of a particular 
substance, is either indivisible in a chemical sense,’*' that is to 
say, its division is a practical though not a theoretical impossi- 
bility, in which case the substance is an element; or else divi- 
sion is possible, and gives rise to new forms of matter, when 
the substance is a compound. In a study of the elements, or 
unresolvable components of matter, the first task demanded 
by Dalton’s atomic theory is the determination of the relative 
atomic masses which, as has been seen, are proportional to the 
masses in which the elements combine in bulk. 

As a theoretical unit, the relative atomic mass or weight of 
hydrogen, specifically the lightest known substance, is taken .f 
If combination always occurred between one atom of each 
element concerned, the problem of atomic weight determina- 
tion would be a simple one. The relative atomic weight in 
any case would be identical with the actual weight or pro- 
portion in which the element unites with, or is couivalent to, 
one part by weight of hydrogen. Dalton, indeed, assumed 
that the simplest manner of combination was always the real 
one, and devised arbitrary rules by which the number of atoms 


• The degradation of radio-active substances being considered for the time being 
as outside the limits of chemical change. 

t For practical purposes, however, it is more convenient to consider O » i6, so 
that H « 1*008. The International Committee upon Atomic Weights have decided 
upon this standard, and it is therefore adopted in the descriptive part of this book. 

(d170) 
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combining was in any case determined. Such a proceeding 
was unwarranted, no facts being then available by which true 
atomic weight values could be arrived at. Hence Dalton’s 
atomic weights were really only chemical equivalents. 

An element may indeed possess several simply related com- 
bining weights, in the sense of combining with one part by 
weight of hydrogen or its equivalent, in several proportions. 
For instance, in the compounds methane, ethylene, and acety- 
lene, carbon possesses the combining weights, 3, 6, and 12 
respectively; and in the compounds ammonia, hydrazine, and 
azoimide, nitrogen possesses respectively the combining weights 
4*6, 7, and 42. Similarly, carbon in union with oxygen, and 
many metals in union with oxygen or chlorine, possess more 
than one combining weight, because they form compounds in 
which the elements are united together in more than one pro- 
portion, according to the law of multiple proportions. 

Thus the conclusion is arrived at that a certain number of 
atoms of one element may unite with a variable whole number 
of atoms of a second. The fact, therefore, that hydrogen and 
oxygen unite in approximately the proportions by mass of 1 : 8 
gives no information as to the atomic weight of oxygen, which, 
if water is HO, as Dalton assumed, is 8; if HgO, 16; if HO 2 , 4; 
and so on. Further evidence is necessary to determine this 
atomic weight, and this evidence is found in the present and 
other cases by the consideration of the volume relationships 
in which gases combine. 

That the properties of a gas may be referred to its con- 
stitution as a system of separate, mobile particles is readily 
accepted upon consideration of its properties of limitless 
expansion, adaptability of form, diffusion, and solution in 
liquids. 

Gay-Lussac’s Law that gases combine vnth one another in 
simple proportions by volume^ and the corollary that the densities 
of gases are simply related to their combining weights, led to the 
hypothesis of an equal number of ultimate particles in equal 
volumes of gases under similar physical conditions. If these 

(d170) * 
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particles be atoms or ultimate individuals, the facts regarding 
the volume relations in combination as between hydrogen and 
chlorine or hydrogen and oxygen lead to the contradictory 
conclusion that the supposed indivisible atoms of hydrogen 
and chlorine in the first case and oxygen in the second have 
suffered division into two parts, since the volume of the result- 
ing gas is in each case twice the volume which would result 
from pure synthesis of atoms. 

Thus, since ( 

1 volume of hydrogen + 1 volume of chlorine give 2 volumes of 

hydrogen chloride, and \ 

2 volumes of hydrogen + 1 volume of oxygen give 2 volumes of 

steam, 

or 

1 volume of hydrogen chloride is obtained from half a volume of 
hydrogen and half a volume of chlorine, and 1 volume of steam 
from 1 volume of hydrogen and half a volume of oxygen, 

it is concluded that 

1 compound atom of hydrogen chloride consists of half an atom 
each of hydrogen and chlorine, and that 1 compound atom of 
steam consists of 1 atom of hydrogen and half an atom of 
oxygen. 

The introduction into the science by Avogadro of the idea of 
« the molecule as a complex particle of a higher order than the 
atom, composed itself of atoms, alike in the molecule of an 
element, unlike in that of a compound, resolved this contra- 
diction. The molecules of hydrogen, oxygen, and chlorine do 
suffer division into two parts, these parts then reuniting to 
form molecules of compounds. These facts and ideas find 
expression in Avogadro ’s theory,* which states that equal 
volumes of all gases or vapours^ simple or compound^ contain^ 
under similar conditions of temperature and pressure y equal num- 
bers of molecules. 


• This statement has passed beyond the region of hypothesis, and stands in the 
same category as the atomic theory. It is not a law, however, not being a summary 
of expenmentaily ascertained facts. 
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This theory is substantiated by the kinetic theory of gases. 
Granting a fundamental and most probable assumption as to 
the nature of the motions of gas particles, and the effect of 
heat upon them, the purely d)mamical reasoning of the kinetic 
theory demonstrates the truth of Avogadro's theory, and 
therefore of the views of chemical change between gases 
based on that theory. 

An examination of the phenomena of union between hydro- 
gen and chlorine gases now leads to the conclusion that equal 
volumes of hydrogen and chlorine, containing the same num- 
ber of molecules, unite, giving twice that number of molecules 
of hydrogen chloride; n molecules of hydrogen and n molecules 
of chlorine give 2n molecules of hydrogen chloride. The con- 
stituent atoms of each molecule of hydrogen have undergone 
separation and union with the atoms resolved from the mole- 
cules of chlorine. If now a molecule of hydrogen chloride is 
formed by the combination of 1 atom of hydrogen and 1 atom 
of chlorine, the conclusion follows that the molecules of these 
gases consist each of 2 atoms; thus: 

wHg -j- wClg = 2wHa. 

I vol. I vol. 2 vols. 

But the molecule of hydrogen might be H 4 , and that of 
chlorine Clg, hydrogen chloride being H 2 CI, a relation satisfy- 
ing the volumetric data; or, generally, the reaction might be 

n(Cly)^ - 2/zH^Cl^. 

I vol. I vol. 2 vols. 

The assumption that a molecule of hydrogen chloride results 
from the union of 1 atom of each constituent is, however, 
the simplest, and accords with all known facts. The fact that 
only one compound of hydrogen and chlorine exists, and the 
more important fact that either hydrogen or chlorine can only 
be expelled from hydrogen chloride in one stage, furnish such 
a strong argument for this assumption as to make it exceed- 
ingly probable.* Indeed, if an atom be defined as the smallest 

• The argument concerning the manner of displacement of elements from a com- 
pound is capable of extension. For instance, the hydrogen can be expelled from 
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particle which up to the present time has resulted from the 
disruption of a molecule, then these molecules must at present 
be considered to contain only 2 atoms, and are therefore 
written Hg and Clg. The molecule of oxygen is for similar 
reasons written Og. Thus the equation 

2«H, + «0, = 2nH,0 

2 VOls. I VOl. 2 VOls. 

represents the formation of water, and the formula fdr a mole- 
cule of this substance being HgO, the atomic weight of oxygen 
is 16. ' 

METHODS OF ATOMIC WEIGHT DETERMINA'flON 
I. The Methods of Vapour Density 

It was shown by Gay-Lussac that the combining weights of 
the simple gases are proportional to their densities; and as a 
consequence of Avogadro’s theory it is further recognized that 
the molecular weights of all gaseous substances are proportional 
to their relative densities. If the density of a gaseous com- 
pound, referred to hydrogen as unity, be ar, the molecular 
weight of the compound is 2a:, that of hydrogen being 2. 

Hence the problem of atomic weight determination resolves 
itself into ascertaining by analysis, where data are available, 
the smallest proportion by weight of an element which enters 
into the composition of a molecular proportion of the gas as 
indicated by the determination of its vapour density. An 
approximate value for vapour density is sufficient, accurate 
knowledge of a molecular weight being derived from analytical 
data when once the order of its magnitude is determined. 

methane in four stages, the carbon in one. Therefore the formula for methane is 
CH4, and the atomic weight of carbon 12. 

Again, accepting the atomic weights of carbon and oxygen as la and 16 respec- 
tively, the empirical formula for acetic acid is CHgO, The oxygen, however, may be 
expelled in two stages, thio-acetic acid being formed by the substitution of i atom 
of oxygen by sulphur. Therefore the molecular formula is probably C2H4OS. And 

in general — ^When ^th of the proportion of a constituent element in a chemical 
n 

compound can be substituted, a molecule of the compound contains at least n atoms 
of that clement. 
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II 


The molecular weight M of a compound Aa.ByC^ is equal to 
[xa + + zc)^ where a, 6 , and c are the atomic weights. The 

factors «?, jv, z must be whole numbers. The smallest pro- 
portion of an element ever found in a molecular proportion of 
one of its compounds is considered for the time being as the 
atomic proportion, and if the number of gasifiable compounds 
known is large, this value is very probably the atomic weight 
of the element. An example will make this clear. 

Phosphorus forms a number of gasifiable compounds whose 
vapour densities have been determined, among which are phos- 
phine, liquid hydride of phosphorus, phosphorous chloride, 
phosphoryl chloride, thio-phosphoryl chloride. A determina- 
tion of the gas density of phosphine shows the molecular 
weight to be about 34; and by analysis 33*74 parts by weight 
of the compound contain 3*0 parts of hydrogen. Therefore 
the atomic weight of phosphorus cannot be greater than 30*74, 
though it may be a submultiple of this number. Similarly, 
the molecular weights and molecular proportions of phosphorus 
in the other compounds are the following: 

Thio- 

Liquid Phosphorous Phosphoryl phosphoryl 
hydride. chloride. chloride. chloride. 

Molecular weight .. 65*48 136*28 152*16 168*10 

Molecular propn. of P. 61*48 30*74 30*74 30*74 

These figures make it probable that 30*74’*^ is the atomic weight 
of phosphorus, since no molecular proportion of a compound 
is known to contain less than this amount of the element. At 
the same time the liquid hydride appears to contain 2 atoms 
of phosphorus, and to possess the formula P 2 H 4 . 

The method of atomic weight determination discussed above 
does not require exact values of molecular weights and indeed 
the value obtained by multiplying the density of the gaseous 
substance by two is not accurate. Avogadro’s theory is subject 
to the same disability as Boyle’s Law, namely, gases are not 
ideal but have varying compressibilities, hence equal volumes 


• Or 30 98 if O — 16 and H — 1*0078. 
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of gases under similar conditions of temperature and pressure 
will not contain exactly equal numbers of molecules. These 
deviations diminish with diminution of pressure and appear 
to vanish as the pressure approaches zero, so that, if the 
limiting densities of gases are determined as the pressure tends 
to zero, the molecular weight values derived therefrom should 
be more accurate. In practice, the limiting densities are 
obtained by correcting the normal density values, for the 
following relation holds: 

limiting density -- normal density X \ 

PoVo I 

where piVi is the value of pv for the gas at one atmosphere 
pressure, and p^v^ the value as p approaches zero. \ 

The value oip^v^ may be found by plotting several measure- 
ments of pv against p, and extrapolating the curve to /> — 0. 

Or, if the gas does not deviate much from Boyle^s Law, 
A, related to the coefficient of compressibility, may be used, for 
when Pj is one atmosphere, then 

/>oVo - PiVx (1 + A), 
the density correction being, 

limiting density normal densily/(l-l- A). 

When measuring the density of nitrous oxide relative to 
oxygen, Cawood and Patterson (1933) found the following 
values: 

Normal Molecular 

Density. (i + A)* Weight. 

Nitrous oxide .. .. T9777 1*0071 M 

Oxygen 142890 1*00094 32 

Hence, 

1*9777 X 1*00094 
^ 14289C X 1-0071 ^ 

= 44-016. 

Assuming that nitrous oxide is NgO, the atomic weight of 
nitrogen (O = 16) is 14*008, in agreement with the accepted 
value. 
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II. The Method of Specific Heat 

A means of fixing the atomic weight, depending on the 
previous determination of combining weight, and not involving 
a knowledge of the atomic structure of compounds, is afforded 
by the application of Dulong and Petit’s law of atomic heats. 
In its widest sense the law asserts that quantities of elements 
proportional to their atomic weights possess equal capacities for 
heat^ and fixes this constant heat capacity at 6*4, so that 

At. wt. X sp. ht. “ 0*4; or at. wt. “ r— 

sp. ht. 

The law thus implies an equal heat capacity for all atoms. 
It will be seen that in order to fix the atomic heat value so 
that the atomic weights calculated from it may be of the right 
order of magnitude, it is necessary for the atomic weight of 
some one element at least to be accurately established by inde- 
pendent evidence. The convergence of evidence from various 
sources gradually brought about a settled opinion as to the 
magnitude of atomic weight values of such well-known ele- 
ments as copper and iron, and thus it was shown that the 
atomic weights calculated by Dulong and Petit, although 
inaccurate owing to faulty data, were of the right order of 
magnitude. 

It was shown by Boltzmann (1871), that the atomic heat at 
constant volume, Cy, of a monatomic solid element should be 
equal to 3R, or 5*96 calories, where R is the gas constant. The 
atomic heat at constant pressure is somewhat greater and is 
closer to the Dulong-Petit constant, 64, which has therefore 
some fundamental significance. 

At ordinary temperature, solid elements, generally metals 
of atomic weight greater than 30, conform to this law, non- 
metallic elements of low atomic weight and high melting 
point being abnormal, although at higher temperatures they 
tend to approach Dulong and Petit’s value. 

Experimental determinations of the variation of specific heat 
with temperature have been carried out by Humpidge in the 
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case of beryllium, and by H. F. Weber in the cases of boron, 
carbon, and silicon. The specific heat of beryllium is *3973 
below 50°, increases with rise of temperature, and becomes 
constant, and equal to about -62 between 400° and 500°. The 
rates of variation with temperature of the specific heats of 
boron and carbon are similar to each other, and the values 
become constant at about 1000°; the specific heat of boron at 
this temperature is about *50, and of carbon *46. A constant 
value, -203, is established for the specific heat of silicon it 
200°. The products of these values and the accepted atomic 
weights of the three elements are approximately 5*5; and 
thus it is recognized that these elements have distinctly lower 
atomic heats than the metals. Sulphur and phosphorus also 
give values somewhat less than 6-4. 

On the other hand, if the temperature be lowered, all atomic 
heat values approach zero at 0° Absolute temperature. Ex- 
perimentally therefore, the specific heats of all elements 
increase with rise of temperature, generally rapidly at first, 
and then more slowly, until a slowly increasing maximum is 
reached at high temperatures. 

These changes cannot be explained on the classical theories 
which considered the emission or absorption of energy to 
occur continuously. Explanation of the variation of atomic 
heat with temperature requires the introduction of Planck’s 
quantum theory according to which the energy changes of 
vibrating particles, or resonators ”, are discontinuous, occur- 
ring in quanta. The value of a quantum e is not fixed, but is 
proportional to the frequency v of the vibrating particle, and 
is defined thus: 

€ = Av, 

where h is Planck’s constant, 6*6242 x 10“^’ erg-sec. 

Discussion of these theories must be sought in suitable 
textbooks, but it may be noted that Debye has obtained a 
mathematical expression for Cy, the atomic heat at constant 
volume, which reproduces the experimental variations with 
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great fidelity. In particular he shows that at high tempera- 
tures Cv approaches the value of 5*96, but, at extremely low 
temperatures, 

T* 

Cv = 464-6 

being indeed zero when T is O'" Absolute. Here 0 has. the 
dimensions of temperature, and is equal to 

R ' 

where N is Avogadro’s constant, h is Planck’s constant, R is 
the gas constant, and a characteristic vibration frequency 
which varies from element to element. Consequently S also 
varies, being for example, 88 for lead, and 1860 for carbon 
in the form of diamond. It has thus a high value for elements 
which depart from the simple Dulong-Petit law at ordinary 
temperature. 

According to Lindemann, the characteristic vibration fre- 
quency v^, to which 6 is related, has a high value when the 
substance has a high melting point, or a low atomic weight 
and atomic volume (q.v.). Thus silicon and carbon with 
high melting-points and low atomic weights do not obey 
Dulong and Petit’s law at ordinary temperatures, whereas the 
small atomic weight of lithium is compensated by its low 
melting-point and higher atomic volume, and it obeys the law 
at ordinary temperatures. 

III. The Method of Isomorphism 

A third aid in fixing the correct multiple of the com- 
bining weight of an element which is to be received as its 
atomic weight is given by the phenomena of isomorphism, or 
similarity in crystalline form, which were first observed by 
Mitscherlich. In respect to its application to atomic weight 
determination, the law of isomorphism may be expressed in 
the following way: When in a given compound the replacement 
of one element by another does not alter the crystalline form of 
( 1 < 0 ) 2 * 
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the compound^ the element introduced is chemically analogous to 
the element replaced, and its compounds will be of the same type. 

A practical illustration of the use of the law by Mitscherlich 
and Berzelius will make clear its mode of application. 

Sulphates contain the oxide SO3, and chromates, being 
isomorphous with sulphates, must contain the oxide CrOg 
instead of CrOg as was previously supposed. Hence chromic 
oxide must be CrgOg, and not CrOg. The isomorphism of 
chromic and ferric salts necessitates the formula Fe203 for 
ferric oxide, and consequently FeO for ferrous oxide. B|ut 
magnesium, zinc, nickel, and cobalt salts are isomorphous 
with corresponding ferrous compounds; hence their oxides 
must conform to the type MO instead of MO2 as previous!^ 
supposed. The agreement of the atomic weights derived 
from this type with those indicated by Dulong and Petit’s 
law justified the alterations which were thus made in the 
atomic weight values. 

Another instance of the application of the law is furnished 
by the case of the element gallium. This metal forms an 
ammonium alum isomorphous with aluminium ammonium 
alum Al2(S04)g, (NH4)2S04, 24H2O. The sulphate of gallium 
is therefore probably Ga2(S04)3, and the oxide GagOg, whence, 
the equivalent being 23 , the atomic weight is 69 . This value 
is confirmed by other considerations. 

A careful examination of the isomorphism of the salts of the 
alkali metals has been made by Tutton. Thus the replacement 
of potassium in potassium sulphate by rubidium and caesium 
respectively does not alter the crystalline form of the sulphate, 
though the thermal and optical properties of the crystals 
undergo slight changes, generally varying in amount in the 
same sense as the variation in the atomic weights of the 
metals. The similarity of crystalline form of the sulphates 
confirms the chemical relationships of the three metals, and 
harmonizes therein with the analogies revealed by the study 
of their chemical behaviour. 

Isomorphous compounds may form mixed crystals, which 
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are solid solutions, when a solution of a mixture of the salts 
is allowed to crystallize; or a crystal of a compound may induce 
crystallization in a supersaturated solution of an isomorphous 
substance, as in the case of alums. 

Isomorphism, however, does not imply exact identity of 
crystalline form, as shown by equality of crystal angles, or of 
crystallographic axes. The volumes of the structural units 
must also be similar before mixed crystals are formed. Thus, 
sodium and potassium chlorides, which are isomorphous, both 
crystallizing in the regular system, do not form mixed crystals 
because the volumes of their structural units differ too much. 

Equality in the numbers of atoms in the empirical formulae 
of two or more compounds points to isomorphism even 
although the compounds themselves are chemically dissimilar. 
Thus, sodium nitrate, NaNOg, is isomorphous with calcspar, 
CaCOs, but from chemical considerations was formerly re- 
presented as having a different structure. 

Indeed, Mitscherlich originally supposed that isomorphism 
depended primarily on equal numbers of atoms and similar 
modes of arrangement, rather than upon their intrinsic 
chemical nature; and this example lends support to this 
view. Other groups of dissimilar but isomorphous chemical 
compounds are: 

MgO, NaF; CaCh, K^S; KCNO, KNs; NaClOB, CaSO,; 

KIO4, CaW04, KOsObN; KCIO4, BaS04, KBF4; 

KaSnCl* . 2H2O, KaFeCh . H4O; 

NaAlSiaOa, CaAlaSiaOg; 

TiOa, FeNbaOa, FeTaaOe. 

Such facts may well give rise to questions concerning the 
nature of the valency forces concerned and their representation 
by bonds joining atoms together. 

The structures of NaNOs and CaCOs were formerly re- 
presented thus: 

Na-O— N^, Ca<Q^ -o, 
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but these are not in agreement with the isomorphism they 
exhibit. 

A satisfactory solution of these problems will be found in 
the modern views of atomic structure and valency shortly 
to be discussed. 

IV. The Mass Spectrograph Method 

This method is dealt with on p. 47, and is valuable for the 
determination of atomic weights. It is mentioned here becayse 
of the independent and confirmatory testimony it gives of (fie 
truth of the atomic theory so far as the latter may be developed 
by chemical methods. 

VALENCY ^ 

'fhe molecular composition of many gasifiable binary com-' 
pounds, containing only one atom of one of the constituent 
elements, shows that a single atom may combine with more 
than one other atom, a conclusion also to be drawn from the 
data of the law of multiple proportions. 

The following series of gasifiable binary compounds, whose 
molecular composition may be arrived at by the application 
of principles studied above, serves as an illustration: 

HCl, HBr, H2O, H2S, H,N, H3P, H4C, H4Si, CljP, CljW, F7I, FeOs. 

From this series it is possible at once to form a conception 
of valency, or saturation or combining capacity, in the narrower 
sense, as expressing the largest number of other atoms with 
which the atom of a given element is known directly to 
combine. 

Thus, for instance, from the above, the valency of sulphur 
appears to be two, that of nitrogen three, carbon four, phos- 
phorus five, tungsten six, iodine seven, and osmium eight. 

No binary compound in which 1 atom of hydrogen com- 
bines directly with more than 1 atom of another element is 
known therefore, as regards combining capacity or valency, 


• In NjH only i nitrogen atom is attached directly to hydrogen. 
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hydrogen represents the lower limit, and is designated uni- 
valent. 

The existence of the gas molecules HF, HCl, HBr, HI 
shows that the elements fluorine, chlorine, bromine, and iodine 
may likewise behave as univalent; accordingly these elements 
are also employed as standards in the determination of valency. 

One atom of an element never combines with more than 
4 atoms of hydrogen (e.g. CH4, SiH 4 ). Higher valency is 
shown in the halogen compounds, and therefore a distinction 
must be drawn in practice between hydrogen and halogen 
valency; for example, the highest hydrogen valency of phos- 
phorus is three, in PH3, and the highest halogen valency is 
five, in PFg and PCI5. 

The recognition of this distinction raises the question 
whether valency can be considered to be an inherent property 
of an atom. It is true that valency is known only in its 
manifestations, but a consideration of all the types of com- 
pound A^hich an element forms, generally leads to a definite 
conclusion as to the maximum valency which it can exert. 
The sum of the properties of an element, including the types 
of its compounds, is shown in the position which it occupies 
in the periodic system (q.v.). Hence the periodic system may 
be appealed to for an indication of the potential valency which 
is an inherent property of an element. 

Nevertheless this system sometimes indicates a higher 
potential valency than is ever realized. Iron, cobalt, and 
nickel, for instance, are not known to be octivalent, nor 
is fluorine ever septivalent, as the periodic law indicates. 
Likewise the bivalency of copper and tervalency of gold are 
anomalous from this p>oint of view. 

In the determination of the valency of a given element it 
should be remembered that the only direct and rigorous 
experimental evidence is afforded by a knowledge of the 
molecular weight and composition of a gasifiable compoimd 
containing 1 atom of the element under discussion united 
to standard univalent atoms. For instance, no indisputable 
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conclusion as to the valency of sulphur can be drawn from 
the molecular weight and atomic composition of SO3, the 
constitution of which may be represented in three ways, 



in which sulphur is respectively sexi-, quadri-, and bivalent. 
The chemical behaviour of the compound, however, makes it 
unlikely that it contains a chain of oxygen atoms; hence the 
conclusion that in SO3 sulphur is sexivalent, a conclusion 
which is fully upheld by the periodic law, and has been conV 
firmed by the preparation of sulphur hexafluoride, SFg. ' 

A knowledge of the atomic weight of calcium, again, leads 
to the formulae (CaO),i and (CaCl2)n for the oxide and chloride 
respectively; but whatever may be the real molecular magni- 
tudes of these compounds, or whether definite molecules exist 
at all, their atomic composition is accurately represented by 
the simplest formulae CaO and CaClg. Calcium is accordingly 
regarded as bivalent; and here also the periodic law affords 
testimony to the correctness of this conclusion. 

Some complication of the simple facts of valency arises 
from the display by many elements of varying valency; for 
example, by tin in SnClg and SnCl4, by iron in FeC^ and 
FeClg, by phosphorus in PCI3 and PCI5, and by tungsten in 
WCI4, WCI5, and WCI3. A number of elements exhibit 
valencies which, increasing or diminishing by two, are always 
either odd or even, and formerly it was thought that a regu- 
larity of this kind existed which might be called a law. Such 
is not the case, numerous examples of increase or decrease by 
single units being known. The group valencies indicated by 
the periodic law are, however, seldom if ever exceeded, and 
these therefore indicate the maximum values for the various 
groups of elements. It must nevertheless be remembered that 
the manifestation of valency is contingent upon chemical com- 
bination; whenever union occurs, valency must come into 
operation as a measure of its extent. Active valency is not, 
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therefore, a constant property like atomic mass; indeed it 
has been well compared with the force of friction, which is 
only called into play by external causes, and may vary from 
zero to a certain maximum. 

The existence of the so-called “ molecular compounds 
raises a difficult question. This term was formerly applied to 
substances whose structure was inexplicable on the ordinary 
laws of fixed valency; salts containing water of crystallization, 
double salts such as the alums, and complex salts such as 
ferrocyanides and platinichlorides serve as illustrations. 

The special application of the term “ molecular compound ” 
implies a difference in the nature of the union of the con- 
stituent atoms from that obtaining in an ordinary compound. 
This distinction is unwarranted by the facts. Salts like the 
chloroplatinates — or platinichlorides — ^and the ferro- and ferri- 
cyanides exist in solution, and therefore contain complex ions, 
so that the mode of union within them must be considered 
to be atomic; and from these compounds to the alums and 
other double salts, which are more or less decomposed by 
water, all stages of stability exist. Moreover, molecular com- 
pounds may enter into reactions of double decomposition or 
metathesis; thus triethylammonium tribromide, which might 
be considered a molecular compound of triethylamine and 
bromine, reacts with potassium iodide, as shown by the equa- 
tion (C2H5)3NBr3 + SKI = (C2H6)3Nl3 + 3 KBr; and the 
five molecules of water of crystallization in CUSO4, SHgO, are 
successively replaceable by ammonia, with the ultimate forma- 
tion of CUSO4, 5NH3. Analogous phenomena are abundantly 
provided by the “ ammines ” and allied compounds of the 
metals of the eighth group of the periodic system, and the 
chemical changes and transpositions which these substances 
undergo are characteristic of normal chemical compounds. 
Many molecules which are generally considered saturated, e.g. 
C2H4O2 and HF, and even HgO, are known to polymerize; 

and (HF)2, indeed, can exist in the gaseous state. 

There is no intrinsic difference, therefore, between the 
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ordinary and the molecular compound, except that the latter 
generally undergoes dissociation more readily than the former. 
The development of higher valencies must consequently be 
assumed in order to account for these compounds; and the 
question arises as to what further justification there is for 
this assumption. 

Now it may be observed that the sum of the maximum 
hydrogen and oxygen valencies of elements in certain groups 
of the periodic system is equal to eight. The following series 
of compounds illustrates this fact: 

SiH4 PHa SHa CIH 
SiOa P2f^6 SOg CI2O7. 

According to Abegg,* every element possesses a maximum \ 
valency of eight, made up of positive and negative compo- 
nents, or normal and contra-valencies. These are composed 
as follows, taking a single series for illustration: 

Na Mg AI Si P S Cl 

Normal valences .. -f-1 -i-2 — 3 — 2 — 1 

Contra-valencies .. — 7 — 6 — 5j 

The contra-valencies are latent in the first three elements 
of the series; and the quality of the valency manifested by a 
particular atom depends on the character of the element or 
group with which it is associated. Thus chlorine manifests 
a single negative valency towards hydrogen or metals, and a 
maximum positive valency of seven towards oxygen. 

The relative strengths of the two kinds of valency depend 
upon the chemical nature of the atom itself. Thus the alkali 
metals are too electropositive to show negative valencies, and 
fluorine was supposed to be too negative to exhibit positive 
valencies, although recently oxides of fluorine have been 
obtained. 

We have seen that atoms possess mass, which, so far as our 
observations go, remains unchanged in chemical reactions. 
These reactions, however, disclose the fact that atoms vary 

^ Zeitschr, anorg. Chem. (1904), 39 , 330. 
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in their capacity to combine with a standard atom. They 
possess valency, which is not always shown to the full extent 
possible (maximum valency), but for an atom in combination 
may have a lesser value, its active valency (or valence). Hence 
the combining or equivalent weights ascertained from matter 
in bulk are not always identical with the atomic weights of 
the atoms concerned. For the simple binary compounds 
considered above, the reciprocal variation of valency and atomic 
weight may be summarized thus: 


valency =- 


atomic weight 
equivalent weight’ 


Here, however, the discussion of valency from the older 
point of view may cease, so as to give place, in the succeeding 
chapter, to modern conceptions which have revolutionized 
chemical science, and thrown much light on perplexing 
problems. 


CLASSIFICATION AND THE PERIODIC LAW 

The vast mass of experimental data of chemistry only 
becomes systematic when the elements and their compounds 
are classified. The nature and aim of classification have been 
set forth by Huxley in the following words: 

“ By the classification of any series of objects is meant the 
actual or ideal arrangement together of those which are alike, 
and the separation of those which are unlike; the purpose of 
this arrangement being primarily to disclose the correlations, or 
laws of union, of properties or circumstances, and secondarily, 
to facilitate the operations of the mind in clearly receiving 
and retaining in the memory the characteristics of the objects 
in question.’* 

The establishment of an inductive law in the experimental 
sciences involves the following sequence of logical operations: 

I. Induction. 

II. Verification. 

III. Deduction (or Discovery). 
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By the inductive process the law receives its statement, which 
is an expression of the common features presented by the 
observed facts; in the process of verification it must be shown 
that the law is capable of embracing within its scope other 
facts as they become known; and by the third or deductive 
process the availability of the law as an instrument of dis- 
covery is tested, and thus new facts or relationships of facts 
are discovered. 

The rise and development of the periodic law as an insiru- 
ment for the systematic study of the elements, as it is trafced 
in the sequel, will be seen to correspond with and fulfil each 
of these requirements. 

Before proceeding to the exposition of the law, it may, ho^V- 
ever, be well to glance briefly at some earlier attempts at 
classification of the elements. Of these the most important 
was the electro-chemical classification of Berzelius. Accord- 
ing to this chemist every atom was the bearer of fixed electrical 
charges, both positive and negative, and, as these differed in 
relative magnitude, displayed either a positive or negative 
electrical “ unipolarity metallic atoms bore an excess of 
positive, non-metallic atoms an excess of negative electricity. 
Combination between atoms was resultant upon the partial 
satisfaction of their respective charges, the electrical character 
of the resulting product depending upon the nature of the 
unsatisfied residue. Thus, in potassium oxide, the positive 
charge of the potassium not being fully satisfied by the nega- 
tive charge of the oxygen, a balance of positive charge re- 
mained; whilst in sulphur trioxide a balance of negative 
electricity was present. Combination could therefore ensue 
between these oxides, yielding potassium sulphate, which 
still bore a positive residue and was therefore able to unite 
with aluminium sulphate, which bore a negative charge, to 
form alum. Union would thus occur in the first instance 
between atoms, then between binary compounds, and so forth. 
Berzelius was able to classify the elements in a series in which 
the gradation with respect to electric character was from posi- 
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tive to negative, which is equivalent to a transition from 
metal to non-metal; and the electrical method of union, re- 
lated to this classification, formed the basis of the dualistic 
theory of chemical compounds, which for some time held 
the field. 

It will be perceived that the electro-chemical views of 
Berzelius are the historical predecessors of our modern 
doctrine of ionic dissociation, according to which a dilute 
solution of an electrolyte (an acid, base, or salt) contains ions 
which are the bearers of positive or negative charges. Thus 

potassium chloride is regarded as existing in dilute aqueous 

+ •“ ^ 

solution in the state of dissociated ions K and Cl, potassium 

+ — 

sulphate in the state of ions 2K and SO4, and so forth. 

The value of the electro-chemical behaviour and its 
correlated properties in the study of the chemical char- 
acter of an element will again be referred to in discussing 
the periodic variation of the chemical properties of the 
elements. 

Regularities between the atomic weights of the elements 
were remarked prior to the general statement based on them 
by Mendel^cff. Dobereiner, for instance, pointed out that 
the atomic weights of allied elements were either very nearly 
equal, or separated by regular intervals. Thus iron, cobalt, 
and nickel formed a triad of elements with nearly equal atomic 
weights, and lithium, sodium, and potassium a triad whose 
atomic weight differences Na — Li and K — Na were approxi- 
mately equal to 16. 

The first attempt at a complete classification based on atomic 
weights was made in 1864 by Newlands, who enunciated the 
principle of periodicity in his “ law of octaves By arranging 
the elements in the order of their atomic weights, he was able 
to demonstrate the general validity of his statement that the 
eighth element, starting from a given element, is a kind of 
repetition of the first, like the eighth note in an octave of 
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The periodic law,''*' however, first received its full state- 
ment, in 1869, by Mendel^eff, and it may be expressed as 
follows: “ The physical and chemical properties of the elements 
and their compounds are periodic functions of the atomic weights 
or, “ If the elements are arranged in order of increasing atomic 
weighty their properties vary in a definite manner from member 
to member of the serieSy but return mgre or less nearly to the 
same value at certain fixed points in the series i 

This fundamental proposition serves as the basis of mocfcrn 
classification. In 1870 Lothar Meyer also drew attentiom to 
the periodic relationship between certain physical properties 
of the elements and their atomic weights. \ 

Excluding hydrogen, for which there is no known analogu^, 
and leaving out of consideration for the present the inert 
gaseous elements, lithium is the starting-point of the following 
series of seven elements: 


Li Be B C N O F, 

in which the change of chemical character is from metallic 

(positive) to non-metallic (negative). Following fluorine is 
sodium, the analogue or “ octave ” of lithium, and forming 
the starting-point of the series or period, 

Na Mg A1 Si P S Cl, 


each member of which is the analogue of the correspondingly 
situated element of the first period. 

From potassium, which follows chlorine, the analogue 
rubidium is not reached until a longer period of seventeen 
elements has been traversed. 


K Ca 
Cu Zn 
Rb. 


Sc Ti V Cr Mn 
Ga Ge As Se Br 


Fe Co Ni 


The set of three elements, Fe, Co, and Ni, links the first seven 
elements with the last seven, and these two series contain, in 

• Like the doctrine of valency, the periodic law has to be readjusted to the new 
knowledge regarding the atoms of matter. The fundamental property of an 
element is not its atomic weight, but its atomic number (q.v.); the statement of 
the periodic law gains accuracy by substituting this latter idea for the former. 
Nevertheless, it is convenient for the present to leave the definition in the old form 
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corresponding positions, as shown, elements which are allied 
to one another, and to the corresponding members of the first 
or short periods. 

The second long period is complete, including the recently 
discovered analogue to manganese, and runs: 


Rb Sr Y Zr Cb Mo Tc 

Ag Cd In Sn Sb Te I. 


Ru Rh Pd 


The third long period contain 32 elements, of which one, 
Re, is an analogue of manganese. Another, Po, is a radio- 
active element, and one, At (eka-iodine) is now known. In- 
cluded also are 14 rare earth elements whose relationship to 
lanthanum and hafnium will be discussed later. Omitting the 
rare earth elements, the period comprises: 


Cs Ba La Hf Ta W Re ^ . p. 

Au Hg T1 Pb Bi Po At. 


The fourth long period is incomplete and, omitting the new 
post-uranium elements, the members known are: 

Fr Ra Ac Th Pa U. 


Placing hydrogen alone as series one, and dividing the long 
periods into two series comprising the first seven and last 
seven members, the three central members being omitted, 
the elements become arranged in seven groups, each group 
after series three containing two sets of elements which form 
sub-groups, A of the elements of even series, B of uneven 
series. The transitional triads of the long periods then fall 
into Group VIII, while the inert gases now form Group O. 
(See diagram, p. 28.) 

The allocation of the members of the two short periods into 
sub-groups A and B is somewhat arbitrary, on account of the 
fact that these elements display many anomalous relationships 
to their group successors, just as do the first members of homo- 
logous series in carbon compounds. They summarize the pro- 
perties of the group, however, and were called by Mendel^ff 
“ typical elements In referring them to sub-groups, it is 
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perhaps best to be guided by the natural relationships; thus 
it is more reasonable to refer sodium to sub-group A con- 
taining the alkali metals, than to sub-group B; though chlorine 
is evidently to be classed with bromine and iodine in the latter 
sub-group; and, in general, relationship to the elements of sub- 
group B becomes closer towards the end of each short period. 

In order that the law may be fully established, it is necessary 
not only that the elements shall fall into groups, but also that 
the series when complete shall not be interfered with; for 
instance, no element can be discovered which may be inter- 
posed between boron and carbon without invalidating the law. 
It is further necessary that the nature of the change of property 
in passing from member to member shall be uniform through- 
out the series. 

The atomic-weight differences in a group are remarkably 
constant. In the first two periods this difference is approxi- 
mately 16, as between Na and Li, S and 0, Cl and F. With 
the elements of higher atomic weight the difference is approxi- 
mately 46, as between Rb and K, Sr and Ca, Sb and As. 

It will now be shown how the periodicity is illustrated by 
the physical properties of the elements, and later in what 
manner the chemical characters vary. 

PHYSICAL PROPERTIES 

Density . — ^The densities of the elements in the solid state 
vary periodically with the atomic weights, as is shown by the 


following series; 








Na 

Mg 

A1 

Si 

P 

S 

Cl* 




•97 

1-76 

2-67 

2-49 

1-82 to 

1-91 to 

1-33 








2-34 

2-07 





K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 




•87 

1-66 

2-6(?) 

4-87 

6-6 

6-92 

7-42 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

7-8 

8-6 

8-8 

8-93 

716 

6-96 

6-47 

6-4 to 

4-26 to 

2-97* 








6-9 

4*8 






* Densities in liquid state. 



30 


INORGANIC CHEMISTRY 


It will be noticed that the density varies in a regular manner 
from member to member of the series, reaching a maximum in 
the central members; it also increases with increase of atomic 
weight in a group. 

Atomic Volume. — k more comparable magnitude than the 
density is the atomic volume; this is the ratio of the atomic 
weight to the density, and is denoted by the symbol V, or 
A V. This value cannot be expressed absolutely, the actpal 
figures representing the volume in cubic centimetres of an 
atomic proportion in grammes (the gramme-atom). \ 

The variation in this magnitude is shown at a glance by 
Lx)thar Meyer’s curve of atomic volumes, in which atomic 
weights are plotted as abscissae and atomic volumes as ordi- 
nates (see diagram opposite). The members of each period 
occupy successive positions on the curve, and those of each 
group occupy similar positions. In the first portion of the 
curve, containing elements of lowest atomic weight, an anomaly 
occurs in the relative positions of helium and lithium. Accord- 
ing to Oimes,* the density of liquid helium is only 0T5; hence 
its atomic volume is 26*6, whilst that of hydrogen is 144, and 
that of lithium 13. Thus the curve, ascending steeply from 
hydrogen to helium, descends again through lithium to beryl- 
lium; and so, unlike the other alkali metals, lithium does not 
occupy an apex. This is another example of anomalies pre- 
sented by so-called “ typical ” elements. Certain portions of 
the curve are incomplete owing to uncertainty of data con- 
cerning the metals of the rare earths, and also on account of 
undiscovered elements. 

It will be noticed that the elements of the alkalis occupy 
the maximum points, the central elements — in the long periods 
those of the transitional triads — occurring at the minima. 

The manner of variation of atomic volume with rise of 
atomic weight in a group is shown by the line joining the 
members of a group on the successive curves. 

In some cases the atomic volume increases with increase in 

• Proc. K. Akad. Wetefjsch. Amsterdam (1908), 10, 744; II, 168. 
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atomic weight, as in the phosphorus group, but particularly 
in the group of alkali metals. In the halogen family the 
atomic volume is constant, and also in the triads of Group VIII . 

According to Mendeleeff, the relative magnitudes of the 
atomic volumes are connected with the chemical activity of 
the elements, since they roughly measure the size of the inter- 
atomic spaces, or “ porosity ” of structure. An element of 
high atomic volume, or loose texture, such as an alkali metal, 
may be expected to display greater chemical activity than one 
of low atomic volume, or dense texture, such as a member of 
Group VIII. 

The quotient molecular weight divided by density gives 
the molecular volume (MV) of a compound, a value which is 
not strictly the sum of the constituent atomic volumes, the 
defection being due to atomic arrangement and methods of 
linking. The problem is important in connection with the 
newer knowledge of crystal and molecular structure. Ionized 
salts possess lower, and non-ionized compounds higher, 
molecular volumes, e.g. NaCl, 37*5; SiCl 4 , 102-5; both at the 
melting-point. Nevertheless, periodicity in molecular volume 
occurs with increase of atomic weight, as with the solid 
alkali chlorides (Fajans and Grimm, 1920), and the hydrides 
of Group VI at their boiling points (Pearson and Robinson, 
1934): 

LiCl NaCl KCl RbCl CsCl 

20-6 2706 37-62 43-21 42-34 

OH, SH, ScH, TeH, 

18-81 36-26 40-64 49-06 

A similar periodicity occurs along any period thus: 

SIH4 PH, SH, OH A 

60-55 44-50 35-25 29-04 2S-5. 

/iquids at their boiling points (corresponding temperatures), 
KodO Stated that the molecular volumes of liquids were the 
sum Of the constituent atomic volumes, 't he W « appro.. 
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mate only, since different liquids have different internal 
pressures or molecular attractions. The surface tension, how- 
ever, is the outward manifestation of these internal pressures. 
Using the expression 


M 




(D-d)‘ 

Sugden obtained values for the parachor, P. Here M is the 
molecular weight and D the density of the liquid, d isj the 
vapour density and is small compared with D, y is the surface 
tension. \ 

The expression is independent of temperature over a wide 
range, and is a measure of the molecular volumes of liquids 
at temperatures when their surface tensions are equal. Frohfi 
the molecular values the atomic parachors may be deduced, 
and are found to be additive. It is also possible to distinguish 
the types of linkage present in the molecule. Hence parachor 
measurements are of great importance in determining mole- 
cular structure. They show periodicity with increase of atomic 
number in a group thus: 


o 

200 


s 

48-2 


Se 

610 


Te 

80-0 


and in series, chus: 

Si p s Cl A 

28-4 39-2 48*2 64-3 64-0 


Vibration Frequencies. — ^The vibration frequencies, v, 
characteristic of atoms in the solid state (vide atomic heats) 
also vary periodically, and when plotted against atomic 
weights, give a curve similar to Lothar Meyer’s atomic volume 
curve, the peaks and hollows of the latter being reversed, as 
befits the reciprocal relationship of the two quantities. The 
following are values of v for the alkali metals: 

1.J Na K Rb Cs 

10 0 3-96 2*3 1-45 0*96 x 10« 8ec“». 

Melting-point — The melting-points of the elements also vary 
periodically with the atomic weights. According to Linde- 
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mann, rise of temperature increases the amplitude of atomic 
vibrations, collisions occur, and the structure of the solid is 
destroyed as the substance melts. 

Elements at or immediately preceding minima in the atomic- 
volume curve have high melting-points, e.g. B, C, Si, the metals 
of Group VIII, which are at minima, and Ti, Mo, Cr, which 
immediately precede minima. 

Elements immediately following minima on ascending curves 
have low melting-points and relatively great volatility, such 
as the elements P, S, Cl, Ga, As, Se, Br, Sn, Sb, Te, I in 
successive sections of the curve. Here again it is noticed that 
the “ typical ” elements of low atomic weight are anomalous. 

In general, increase in fusibility coincides with rise of atomic 
volume, and vice versa. Nevertheless the apices of the curves 
are occupied, not by the halogens or the inert gases, but by 
the less fusible alkali metals, which commence the periods. 

Other Physical Properties, — ^Many other physical properties, 
so far as data permit, have been shown to vary periodically 
with atomic weight. Some of these will be briefly mentioned. 

Malleability, — Only elements at or immediately following a 
maximum or minimum point are malleable, e.g. 


Li, Be; Na, Mg at maxima, 

Fe, Co, Ni, Cu, Znl ^ . . 

DU Dj h nA minima. 

Rh, Pd, Ag, Cd 


Brittle, heavy metals occur just before minimum points. 
Examples of these are: 

V, Cr, Mn; Mo, Ru; Os, Ir. 


The malleable metals are also the most ductile. 

Coefficient of Expansion, — ^The researches of Fizeau tend to 
show that volatile elements on ascending curves have larger 
coeflSicients of expansion between 0° and 100® than difficultly 
fusible metals at minimum points. 

Atomic Refraction, according to Gladstone, Landolt, and 
others, varies from a minimum at Group I to a maximum at 
Group IV. 
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Colours of Salts , — Bayley has pointed out that colourless 
acids only form coloured salts with metals at or near minimum 
atomic-volume points, as may be readily perceived by reference 
to metals such as Mn, Fe, Co, Ni, Cu, Au, Pt. 

Conductivity for Heat and Electricity, — Copper, silver, and 
gold, the best conductors, occur at transition points between 
difficultly and easily fusible metals. Thus: 


Fe Co Ni 

Cu 

Zn Ga 

RuRhPd 

Ag 

Cd In 

Os Ir Pt 

Au 

HgTl. 


Of similarly situated elements, those of higher are not gene- 
rally such good conductors as those of lower atomic weignt. 

Chemical Properties. — detailed consideration of tne 
periodic variation of chemical properties will be made later 
in the light of the newer theories of atomic structure. Mean- 
while, it will suffice to indicate briefly the nature of these 
variations. 

MendeliefPs classification focusses attention on the periodic 
nature of valency. The following series of representative oxides 
and hydrides illustrates this. 


I 

n 

III 

IV 

v 

VI 

VII 

LiaO 

CaO 

BaOa 

COa 

NaO^ 

SOa 

ClaO^. 

LiH 

CaHa 

B(CH8)3 

CH 4 

NHs 

OHa 

FH. 


Passing from Group I to Group VII, the maximum valency 
towards oxygen changes from one to seven; concurrently, the 
oxides show increasing acidic character. 

In the hydrogen series of compounds, where B(CH3)3 re- 
presents the unknown BHj, the valency reaches a maximum 
of four in Group IV, and falls to one in Group VII. The 
chemical character of the hydrides varies accordingly. Thus, 
LiH is a salt, CH4 a neutral compound, and FH an acid. 

In general, therefore, the electropositive character decreases 
along a series. 

An increase of electropositive character is developed on 
passing downward through the elements in a group, though 
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exceptions occur here. Hence, the oxides become more basic, 
or alternatively, less acidic in character. In accordance with 
these changes, the chemical nature of other compounds also 
alters, though considerable resemblance is to be expected in 
similar compounds of elements in the same Group. 

PRACTICAL APPLICATIONS OF THE PERIODIC LAW 

To be a valid natural law the periodic law must operate as 
an instrument both of control of present knowledge and of 
discovery of new facts. From its successful application in 
both these ways this law derives its most valuable support. 

It has been practically applied in two main directions: firstly 
to the correction of atomic weight values, and secondly to the 
description of the properties of unknown elements. Atomic 
weight corrections, instigated by the law, have been of two 
kinds: (a) small corrections affecting the position of an element 
in series, and (b) the determination of the correct multiple of 
the combining weight of an element, when this is otherwise 
doubtful. To case (a) may be referred the correction of the 
atomic weight of cagsium determined by Bunsen as 123*4. If 
this value is accepted, the difference Cs — Rb = 37*96, 
whereas in greater likelihood it should approximate to Rb — K 
— 45*35. Redetermination with larger quantities of material 
gave Cs — 132*81 and Cs — - Rb = 47*36, which is in 
accordance with the law. 

The second application (b) of the law to atomic-weight deter- 
mination may be illustrated by the cases of indium, beryllium, 
and uranium. The chemical equivalent of indium is 38*27.* 
If the oxide be InO, as was formerly thought, the atomic 
weight is 76*64. This value places the metal between arsenic 
and selenium, a position inconsistent with its chemical pro- 
perties. If, however, the oxide be IngOj, the atomic weight 
becomes 114*8, and the element is placed between cadmium 
and tin in Group III, along with the analogous metal thallium. 

»o= 16. 


m 
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This change, suggested by Lothar Meyer, was warranted by 
Bunsen^s determination of the specific heat as 0-057, whence 

*6^ 112-3. 

The equivalent weight, of beryllium is 4-55. From the iso- 
morphism of the oxide and sulphate with the corresponding 
aluminium compounds, Nilson and Pettersson attributed the 
atomic weight 13-65 to this element, the oxide being B^Og-, 
and this value was confirmed by their determination ofuhe 
specific heat as 0-4079. Beryllium thus falls into an Ex- 
tremely unlikely position between carbon and nitrogen. \In 
spite of the above facts, Mendel^eff considered 9 the correct 
value for the atomic weight, and placed the metal in Group II. 
Brauner suggested that the specific heat might vary with tem- 
perature, and Humpidge found that between 400® and 500® 
this value becomes constant and equal to 0-62, thus giving 
an atomic weight approximating to 9. Moreover, Carnelley 
pointed out that the melting-point of the chloride, about 
600°, does not agree well with the formula BeClg, the analo- 
gously constituted chlorides BClg and AlClg possessing far 
lower melting-points. Finally Nilson and Pettersson succeeded 
in vaporizing the chloride and ascertaining its molecular 
weight, whence Be = 9*02, a value consistent with the periodic 
law. 

The atomic weight formerly assigned to uranium was ap- 
proximately either 60 or 120. Mendeleeff showed that these 
values did not place uranium in a probable position in the 
classification, and preferred the value 240, regarding uranium 
as the heaviest analogue of chromium, the highest oxide being 
acidic, but less strongly so than chromic anhydride, and form- 
ing uranates analogous to the chromates. Further, the highest 
chloride resembles M 0 CI 4 in volatility. Determinations of the 
vapour densities of the chloride and bromide by Zimmermann 
confirmed Mendeleeff ’s value. 

The second application of the periodic law, to the description 
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of the properties of hitherto unknown elements, affords perhaps 
the best test of the value of the law. The possibility of such 
a prediction depends upon the principle that the properties of 
an element are the mean of those of its atomic analogues. The 
atomic analogues are those elements immediately preceding and 
succeeding an element in series and group. Thus the analogues 
of phosphorus are silicon and sulphur in series, and nitrogen 
and arsenic in group. The atomic weight, 30*98, is nearly the 
mean of those of silicon and sulphur. The hydrogen valency 
is three, that of silicon being four, and of sulphur two. Phos- 
phorus is intermediate in chemical respects between nitrogen 
and arsenic. It is more positive than nitrogen and less so than 
arsenic; hence its hydride is but feebly basic, its pentoxide is 
acidic but less so than that of nitrogen, its chlorides are more 
stable than nitrogen chloride but are more readily decomposed 
by water than arsenic chloride. 

When Mendel^eff first put forward the periodic classification 
he sketched the properties of three elements, which if dis- 
covered would fill blank spaces then existing in the table. 
These elements, now known as gallium, scandium, and ger- 
manium, he named respectively * eka-aluminium, eka-boron, 
and eka-silicon, from their analogy with these three known 
elements. A comparison of the predicted with the actual 
properties of these elements is interesting. 

Eka-aluminium, following zinc in series, and placed between 
aluminium and indium in group, would be a metal of atomic 
weight == 69, of low melting-point, and density = 5*9. It 
would not readily be acted on by air, and would dissolve in 
acids and alkalis. It would form a potassium alum, and its 
oxide and chloride would be ElgOg and ElgClg respectively. 
Gallium, discovered in 1876 by de Boisbaudran, has an atomic 
weight of 69*72, fuses at 30*16°, and has a density of 6*93. 
It is not volatile, and is only superficially oxidized in air at a 
red heat. It decomposes water at high temperatures, and is 
soluble in hot hydrochloric acid and potassium hydroxide. It 

• The prefix eka -= one in Sanikrit, 
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forms well-defined alums, and its oxide and chloride are GagOg 
and GagClg or GaClg. 

Eka-boron would be related to aluminium in the same way 
as calcium is to magnesium. Its atomic weight would lie 
between 43 and 46. The oxide EbgOg, density 3*5, would be 
soluble in acids, but, being more basic than AlgOg, would not 
be soluble in caustic alkalis. Its salts would be colourless 
and give gelatinous precipitates with alkalis, alkali carbonates, 
and phosphates. The sulphate would form double salts, 
probably not isomorphous with the alums. The chloride 
would be less volatile than AlClg. \ 

The properties of scandium, discovered by Nilson, fully 
correspond. The element has the atomic weight 45T. its 
oxide ScgOg, of density 3*8, is soluble in strong acids, but not 
in alkalis. Solutions of the salts give gelatinous precipitates 
with sodium hydroxide, carbonate, and phosphate. The 
sulphate forms a double salt 3 K 2 SO 4 , Sc 2 (S 04)3 which is not 
an alum. The chloride ScClg breaks up when heated in the 
air, producing a basic chloride and HCl. 

Eka-silicon, lying between silicon and tin, would be related 
to titanium as zinc is to calcium. Its atomic weight would be 
about 70. It would be a grey, difficultly fusible metal, obtained 
by reduction of the oxide with sodium or carbon, and would be 
scarcely acted on by acids, but readily by alkalis. The oxide 
EsOg would be less basic than titanium dioxide and more so 
than silicon dioxide. The fluoride would not be gaseous, and 
would give rise to double fluorides MgEsFg, isomorphous with 
silicifluorides. The chloride would be a liquid boiling at about 
100®. The properties of germanium, discovered by Winkler, 
fully confirm those predicted. The atomic weight is 72*6, 
and the metal is obtained by reduction of the oxide by carbon 
or hydrogen; germanifluorides isomorphous with silicifluorides 
may be obtained. The chloride GeCl 4 is a liquid, boiling at 
86 ®. 

These facts sufficiently vindicate the periodic law as an instru- 
ment of discovery. In astronomy the discovery of new planets, 



CLASSIFICATION AND THE PERIODIC LAW 39 

whose existence has previously been foretold by mathematical 
calculations, has always been considered as a powerful proof of 
the correctness of the theories on which such calculations are 
based, A similar conclusion may be drawn in the case of the 
periodic law. 


OBJECTIONS TO THE PERIODIC CLASSIFICATION 

The most recent determinations of the atomic weight of 
tellurium confirm the position of that element as following and 
not preceding iodine in series; the atomic weight of argon 
places that element between potassium and calcium, and the 
atomic weights of nickel and cobalt reverse the order required 
by the properties of these elements. It is unlikely that the 
accepted atomic-weight values of the above elements will 
undergo much alteration, and these discrepancies would 
appear, therefore, to constitute a serious objection to the 
periodic law; but, as will be seen in the sequel, atomic numbers 
rather than atomic weights are the real criterion of the order 
of sequence of the elements, and atomic numbers in all cases 
confirm the order required by chemical properties. More- 
over, this difficulty has now been completely removed by the 
discovery that the fractional atomic weights which many of the 
elements possess represent an average derived from the ad- 
mixture of two or more isotopes (q.v.) of different integral 
atomic weights, but inseparable by chemical means. 

A further objection is that, apart from small discrepancies, 
the arrangement of the elements according to their atomic 
weights is sometimes in opposition to that which would be 
made in a classification according to properties. Thus the 
sub-group copper, silver, gold, displays scarcely any likeness 
to that of the alkali metals; and even when, as in the case 
of silver, the type of compounds formed is similar, there is 
wide divergence in the properties both of the metals and their 
compounds. For example, AggO and LigO, AgCl and NaCl, 
differ greatly in properties. It is, however, in Groups I and 

(D170) « 
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VII that the provisions of the periodic law would suggest the 
greatest dissimilarity between the sub-groups. Copper, silver, 
and gold approximate in properties to their neighbours in the 
eighth group, nickel, palladium, and platinum, so that some- 
times they have been considered to belong properly to this 
group. The absence of uniformity of type in the group is, 
however, anomalous. The tervalency of gold, which appears 
most unaccountable, enables this element, however, to fojrm 
one of the following series of chlorides: 

PtCh, AuCla, HgCla, TlCl. 

Bivalent iron and manganese in many respects resemble ^ 
their compounds the metals of Group II, especially magnesiun^^. 
Tervalent iron, manganese, and chromium similarly resemble 
aluminium and the Group III metals. Sexivalent manganese 
and iron are allied, in manganates and ferrates, to the sulphur 
group. Manifestly, it would not be permissible to place an 
element like iron in more than one group. The difficulty may, 
however, in great measure be overcome in view of the circum- 
stance that the group type is usually best revealed in the; 
compounds of highest valency; thus in Group VII the per- 
manganates ally manganese with the halogens. 'When, as in 
the metals named, an element displays several valencies, it is 
to be expected that the properties of the compounds of types 
corresponding with these valencies will be similar to those of 
other compounds of the same type. 

In several cases the periodic classification separates, into 
different groups, elements which show chemical similarities; 
and this objection has some weight. As examples, Cu and Hg, 
Ba and Pb, Ag and Tl, may be given. Relationships between 
these three pairs of metals is shown by reason of isomorphism 
and solubility of certain salts; but it is open to question 
whether their differences are not greater than their resem- 
blances. The metals copper and mercury show great contrast 
in physical properties; copper has a high melting-point, while 
mercury forms the last of a sub-group of metals whose melting- 


I 



CLASSIFICATION AND THE PERIODIC LAW 41 

and boiling-points fall with rising atomic weight. Cupric 
chloride and mercuric chloride, cupric sulphate and mercuric 
sulphate, resemble one another but slightly, as a consideration 
of their behaviour towards water will show. Even the resem- 
blance between cuprous and mercurous chlorides is nol^ so great 
as at first sight appears, and cuprous and mercurous oxiaes and 
sulphates differ very widely in stability. Similarly with lead 
and barium: PbOg, the typical oxide of lead, is in no way 
analogous to Ba 02 , and even PbO shows slightly acidic pro- 
perties in utter contrast to BaO; also the metals themselves 
differ widely. With reference to silver and thallium, the oxide 
TI 2 O 3 , although unstable, bears out the properties of the group 
type, and it is not siuprising that the oxide and chloride TljO 
and TlCl resemble other compounds of the same type. The 
chemical relationship of thallium to the alkali metals and to 
lead is, however, quite as great as to silver. 

The placing of the elements of the rare earths in the existing 
periodic classification is also difficult. Scandium, yttrium, 
and lanthanum are properly placed in the third group; but 
the remaining elements, fourteen in number, are trivalent, 
though cerium, the first of their number, is quadrivalent in its 
dioxide; they cannot, therefore, occupy posiuons in successive 
groups. Their atomic numbers (q.v.) place these elements in 
the following order cerium (58), praseodymium (59), neo- 
dymium (60), promethium (61), samarium (62), europium (63), 
gadolinium (64), terbium (65), dysprosium ( 66 ), holmium (67), 
erbium ( 68 ), thulium (69), ytterbium (70), lutetium (71). These 
fourteen rare-earth elements intervene between lanthanum m 
the third group, and hafiiium, which is an analogue of zir- 
conium, in the fourth group. Their existence involves a long 
period of thirty-two elements, and they are followed by 
fourteen elements, from hafnium to astatine inclusive, which 
complete this long period in the normal way. 



42 


INORGANIC CHEMISTR\ 


POSITION OF THE INERT GASES OF THE 
HELIUM GROUP 

The gases of the helium group, viz. helium, 4'00; neoii: 
20-18; argon, 39-94; krypton, 83-7; xenon, 131-3, are all mon- 
atomic, elementary substances, devoid of chemical activity. 
They therefore constitute the group of no-valency elements, 
and it is necessary to assign them a position in the periodic 
classification. At the time of their discovery it was thought 
by some that these gases could find no place in the periodic 
scheme, especially since argon could not be placed between 
potassium and calcium, as its atomic weight demanded, \ 

On the other hand, even previous to the discovery of the\^ 
new elements, it was suggested by Flawitsky and Thomsen 
that a group of elements probably exists whose electro-chemical 
characters are +oo , and whose valency is 8 or 0, If the 
elements are arranged according to the periodic system, but 
on a cylindrical instead of on a plane surface, H and Li, F and 
Na, Cl and K, Br and Rb, I and Cs are respectively adjacent, 
the transition in each case being from an extremely electro- 
negative to an extremely electro-positive element. Now in 
the long periods the members of the eighth group serve as 
neutral transitional elements between Groups VII A and I B; 
and whilst they manifest a maximum valency of eight, their 
occurrence in the free state in nature, the resistance which 
they offer to combination, and the inertness of their compounds 
suggest at least some analogy to the properties of the no- 
valency elements of the helium group. It is not an unreason- 
able suggestion, therefore, that these latter elements should 
be interposed between the pairs of elements given above, to 
modify the extreme transition from non-metallic to metallic 
characteristics. 

Thus the change from extremely electro-negative to ex- 
tremely electro-positive properties will be made in each case 
through an element which is chemically indifferent, and has 
no valency. The existence of such an element is explained 
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on the electronic theory of valency by supposing that there 
are eight electrons in the outer shell or sheath of the atom, 
which form a stable system, so that the atom does not tend 
either to gain or lose electrons, and so to enter into chemical 
combination. 

It is true that the law of octaves is destroyed by the inter- 
polation of the elements of the helium group, but it will be 
seen from the following scheme that these five elements are 
thus suitably placed in the periodic table: 


H 

He 

Li 

1-008 

4-00 

6-94 

F 

Ne 

Na 

19-0 

20-18 

23-00 

Cl 

A 

K 

35-46 

39-94 

39-10 

Br 

Kr 

Rb 

79-92 

82-9 

86-4 

1 

Xc 

Cs 

126-93 

1.30-2 

132-8 


Further support is given to this conclusion by data concerning 
the atomic volumes of argon, krypton, and xenon, which, in 
the liquid state, are approximately equal to 35. In accord- 
ance therewith, these elements find places on Lothar Meyer’s 
curve of atomic volumes without changing the character of 
that curve; and thus they take a permanent place in the 
periodic system 


CHAPTER II 

ATOMIC STRUCTURE AND VALENCY 

The foundation of modern theories of atomic structure and 
valency was laid by Davy and Faraday when by their experi- 
ments on electrolysis they disclosed an intimate connection 
between electricity and matter. In 1834, thirty years after 
Dalton had formulated his theory, Faraday propounded his 
laws of electrolysis in which the “ atomic ” structure of elec- 
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tricity was implied, but not expressed, for he showed that in 
electrolysis his ions were always associated with a definite 
charge or multiple thereof. 

Weber (1849) held remarkably modern views of electricity 
and its connection with atoms, and Johnstone Stoney (1874) 
associated each chemical bond during electrolysis with the 
passage of a fundamental and constant quantity of electricity. 
To this quantity, in 1891, he gave the name, “ electron ”, / 

The next important contribution was made by Crookes, 
just previous to 1880, when he commenced to study the 
phenomena of electric discharge through high vacua. The 
fluorescence of the glass of a “ Crookes tube containing a\ 
high vacuum, which is now recognized as the seat of origin of 
Rontgen rays, was explained by Crookes as due to the bom- 
bardment of the glass by particles of an attenuated form of 
matter, produced, as is now known, by the breaking down of 
the atoms of the gas originally contained in the tube into 
smaller constituent parts. Since they start from the cathode 
and travel in straight lines, these particles in motion are called 
cathode rays. Sir J. J. Thomson has shown that each of 
these particles is only about x^th of the mass of an atom of 
hydrogen, and that they move with a velocity approaching that 
of light. It is significant that the final effect in the exhausted 
tube is independent of the nature of the gas originally present. 

The particles likewise possess electrical properties, for not 
only are they deflected from their course by a magnet, but a 
charge of electricity is found to accumulate on a receiver on 
which they impinge; further, they are able, to pass through 
aluminium foil, and if the vacuum-tube is made of this metal, 
they will penetrate it and make their presence manifest in the 
external air, by exciting phosphorescence, by giving rise to cer- 
tain electrical phenomena, and by acting on photographic plates. 

The significance of these researches lies in the fact that 
these “ corpuscles ”, as Sir J. J. Thomson called them, were 
obtained free from encumbering atoms, and were recognized 
as units of negative electricity: they were, indeed, the elec- 
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trons of Stoney. Associated with atoms of matter they con- 
stitute Faraday's ions. 

The electric discharge through a Crookes tube produces 
other phenomena of great importance. If the cathode be 
perforated, streams of particles appear travelling in the oppo- 
site direction to the cathode rays, i.e. from anode to cathode 
and through the perforations or canals for this reason 
they were termed canal rays. They are positively charged 
atoms, whose study, in the hands of Sir J. J. Thomson, re- 
sulted in the method of positive ray analysis, and later in the 
mass spectrograph of Aston. The production of Rontgen or 
X-rays, and the resulting fluorescence has already been noted. 
The former were used by Moseley to lay bare the secret of 
atomic number, and later provided a method for elucidating 
the structure of solids. The fluorescence led Becquerel to 
study fluorescent uranium salts; this led directly to radio- 
activity. If we add to these Bohr's treatment of optical spectra, 
we have, in synopsis, the main lines of approach to the funda- 
mental problem of atomic structure. 

Radioactivity. — ^The subject of radioactivity is dealt with 
more fully later (Chap. XIV); only the main conclusions 
need be mentioned here. 

The atoms of radioactive elements such as uranium, thorium, 
or radium, undergo spontaneous disintegration, emitting three 
types of radiation in the process. These are: 

a-particles, shown by Rutherford to be identical with 
charged helium atoms, He++, of mass 4, 

j8-particles, or free negative electrons, 

y-rays, which are X-rays of short wave-length. 

The expulsion of a- or jS-particles has a profound effect on 
the atom from which they came, for a new atom results which 
exists for a shorter or longer period before it itself undergoes 
transformation by similar changes to another atom, the process 
ending with atoms chemically identical with those of lead. 

In all the changes examined, some 40 new atoms are pro- 
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duced, each havipg a definite mass value between the limits 
of the masses of uranium and lead atoms. In chemical pro- 
perties, however, they correspond to ten elements only, five 
of these being already known, viz., thallium, lead, bismuth, 
thorium and uranium. Thus, by reason of their similar 
chemical properties, more elements than one are entitled to 
occupy one place in Mehdeleeff’s periodic classification, al- 
though the atomic mass differs from one element to the 
other. Such elements are isotopes. I 

The genetical relationships are given by the Law of Radio- 
active Displacement (Soddy); the new atom (or elements 
produced by expulsion of an a-particle is found in the periodiq 
table two places to the left of the parent atom, i.e. in the direc-\ 
tion of diminishing mass; expulsion of a jS-particle produces 
a movement of one place to the right. 

Isotopy of Non -radioactive Elements. — ^The fact that 
the possession of isotopes is not confined to radioactive ele- 
ments is shown by the method of “ positive-ray analysis 
introduced by Sir J. J. Thomson, and elaborated by Aston. 

This method depends upon the fact that when the mole- 
cules of a gas contained in a discharge tube in a rarefied con- 
dition are submitted to an induction-coil discharge they lose 
electrons or jS-particles — ^the so-called cathode rays — ^and 
consequently become positively charged. These positively 
charged atomic residues, travelling in a direction opposite to 
that of the cathode rays, approach the cathode with great 
velocities, the magnitude of which will depend upon the dis- 
tance from the cathode at which they started; and they are 
then made to pass onwards from the cathode through a copper 
tube of OT mm. bore which pierces it. The pencil of rapidly 
moving positively charged particles thus produced is called 
a positive ray, and when this ray is submitted simultaneously 
to the action of magnetic and electric fields at right angles to 
each other, the particles are so deflected by the joint action 
of the two fields as to produce, on account of the differing 
velocities of the particles, a surface the projection of which 
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takes the form of a parabola. If the rays impinge upon a 
photographic plate they produce there a permanent record. 
Now all particles of equal mass, or, more strictly, for which 

the value where e is the electric charge, is the same, will 

^ I ‘i> 

form a single parabola; whilst the presence in the gas of par- 
ticles of different masses will be shown by the formation of 
more than one parabola on the photographic plate. Thus the 
presence of different isotopes in an elementary gas is self- 
revealed photographically, when suitable arrangements are 
made for that purpose. 

The first element made to exhibit isotopy in this manner 
was neon; for whilst elements previously examined gave single 
parabolas, neon gave a definitely double one. Now the posi- 
tions of the parabolas is an indication of the relative masses 
of the particles producing them; and thus it was inferred 
that atmospheric neon, with atomic weight 20*2, is a mixture 
of an isotope of atomic weight 20 with a small proportion of 
a second isotope of atomic weight 22. So the isotope of neon, 
metaneon, was recognized. 

This method has been brought to a greater state of refine- 
ment by Aston, in his mass-spectrograph, which sorts out a 
narrow beam of positive rays into a ribbon so that an effect 
like a spectrum is produced, the rays attributable to different 
isotopes appearing as successive lines upon the ribbon. Now 
since the positions of these lines depend partly upon the 
relative masses of the charged particles which cause them, 
this similitude of a spectrum, produced electrically, is called 
a mass-spectrum. 

Comparison with the trace of a standard particle (e.g,, the 
oxygen isotope of mass 16) enables the masses of the various 
particles to be found with an accuracy of 1 in 10,000. 

Twelve elements still remain to be examined; of the re- 
mainder, twenty- two are simple, consisting of atoms of one 
mass, the others are isotopic. Some of the results are shown 
on the following page, 

(D170) 
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Element. 

Atomic 

Number. 

Atomic 

Weight. 

Mass numbers of Isotopes in 
order of intensity. 

H 


mmm 

1-0078 

L 2,8 

He 



40022 

4 

Li 



6-94 

7,6 

Be 




9 

B 



10-83 

11, 10 

C 


6 


12. 13 

N 


7 


14, 16 

0 


8 

16-0000 

18, 18, 17 

F 


9 


19 

Ne 


10 

20-18 

20, 22, 21 

Na 


11 


23 \ 

Mg 


12 

24-30 

24, 25, 26 \ 

A1 


13 


27 \ 

Si 


14 

28-Og 

28, 29, 30 \ 

P 


16 

30- 98a 

31 

S 


16 

32-06* 

32, 33, 34 \ 

Cl 


17 

35-457 

3.5, 37, 39 

A 


18 


40, 36 

K 


19 

39-10* 

39, 41 

Ca 




40, 44 

Sc 


21 

45-1* 

45 

Ti 


22 


48, 50 

V 


23 

50-05 

61 

Cr 


24 

52-04 

52, 53, 50, 54 

Mn 


25 

54-95 

55 

Fe 


26 

55-84 » 

56, 54 

Co 


27 

58-96 

59 

Ni 


28 

58-69 

58, 60 

Cu 


29 

63-66 

63, 65 

Zn 


30 

66-38 

64, 66, 68, 67, 66, 70, 69 

Ga 


31 

69-72 

* 69, 71 

Ge 


32 


74, 72, 70, 73, 76, 76, 71, 77 

As 


33 

74-934 

75 

Se 


34 

79-2 

80, 78, 76, 82, 77, 74 



35 

79-91, 

79, 81 

Kr 


36 

82-9 

84, 86, 82, 83, 80, 78 

Rb 



86-4, 

85, 87 

Sr 



87-6, 

88, 86, 87 

Y 



88-9, 

89 

Zr 



91-2 

90, 94, 92, (96) 

Ag 




107, 109 

Cd 



112-4, 

114, 112, 110, 113, 111, 116 

In 



114-8 

115 

Sn 




120, 118, 116, 124, 119, 117, 122, 121, 





112, 114, 116 

Sb 



121-76 

121, 123 

Te 



127-6 

128, 130, 126, 126, 124, 122, 123, 127 

I 


53 

126-93a 

127 

Xe 


54 

130-2 

129, 132, 131, 134, 136, 128, 130, 126, 





124 

Cs 


55 

132-8i 

133 

Ba 


56 

137-3, 

138, 137, 136, 136 

La 


57 

138-9, 

139 

Ce 


58 

140-2 

140, 142 

Pr 


59 

140-9 

141 

Nd 



144-2, 

142, 144, 146, (146) 

Hg 


80 

200-6, 

202, 200, 199, 198, 201, 204, 196 

Pb 


82 

207-2, 

208, 206, 207 

Bi 


83 

209-0, 

209 


It will be observed that elements of odd atomic numbers rarely have more than 
two isotopes. 
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It is to be observed first of all that in a number of cases 
there are two or three isotopes, though often more, even 
eleven in one case. 

The existence of isotopes of hydrogen and oxygen is note- 
worthy, for these elements are standards of mass. The 
accepted standard is now the oxygen isotope == 16. (See 
also, deuterium.) 

Further, it is observed that the mass-numbers of isotopes 
are given as whole numbers, and that the atomic weight of 
an element such as aluminium, which consists of a single 
isotope, is very nearly but not always quite a whole number. 
In the case of an element whose atomic weight is widely 
removed from a whole number it is clear that the fractional 
atomic weight is the weighted mean of the atomic weights of the 
constituent isotopes; e.g. Cl == 35-457 represents a mixture 
of Cl»®, Cl®’, and Cl®®. 

It was at first supposed that the atomic weights of individual 
isotopes were exactly whole numbers referred to O = 16-0000; 
except, indeed, in the case of hydrogen, which, even when 
corrected for isotopy, is known to have the value H == 1-0081. 
(Aston, 1935.) That the atomic weight of helium was slightly 
less than four times that of hydrogen was attributed to “ pack- 
ing ”, an actual loss of mass occurring, i.e. conversion of matter 
into radiation, when four hydrogen atoms condensed into one 
helium atom (see pages 58, 531). 

It has now been shown, by greater refinement of measure- 
ment, that, due to the packing effect, single isotopic masses 
are not always exactly whole numbers; e.g. while = 19-0(X)0, 
Cl®® = 34-98, and CF = 36-980. 

The widespread occurrence of isotopes raises doubts as to 
the accuracy of atomic weights determined by chemical 
methods. Aston's method is suitable for small amounts of 
an element, and extreme purity is not required, since puri- 
fication on the basis of particle mass is accomplished auto- 
matically. The method does not supersede chemical methods, 
but rather supplements them, for, while Aston's method 
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separates isotopes and weighs individual atoms, chemical 
methods yield the average mass of the isotopes present, a 
value more useful in chemical analysis. Nevertheless, by 
photometric estimation of the intensity of isotope^ lines in 
the mass spectrum, the isotopic ratio may be determined and 
the average atomic weight calculated. The results are gene- 
rally in good agreement with those from chemical methods. 

Since accurately determined chemical atomic weights repreh 
sent averages, the disturbing question arises whether sucn 
atomic weights may vary according to locality of material 
because of varying proportions between constituent isotopes .\ 

In the case of radioactive elements and the end product, \ 
lead, this question is to be answered in the affirmative. For \ 
other elements, the answer depends on the extent to which 
the isotopic masses vary. Thus, the two isotopes of hydrogen, 
= 1-008, and == 2-0136, differ by nearly 100 per cent. 
Consequently, their chemical reactivities, so far as atomic 
mass is involved, will vary, and lead to variations depending 
on the source and also on the methods by which ordinary 
hydrogen is purified for chemical determinations. Some 
differences may therefore be expected for elements of low 
atomic weight, and it is not surprising that boron, whose 
isotopic mass numbers differ by 10 per cent, should give 
the chemical values, 10-847, 10-823 and 10-818 when obtained 
from three different sources. 

For the remaining elements, so far as experience goes, the 
chemical atomic weight is “ a true constant of nature 

The bearing of the discovery of isotopy upon the periodic 
law must now be considered. The fundamental statement of 
the law of Mendeleeff was this. The physical and chemical 
properties of the elements are periodic functions of the atomic 
weights. Yet there are shown above numerous cases of 
chemical identity coinciding with considerable differences of 
atomic weight. Thus the original foundation of the periodic 
law is shaken by this new generalization. A difficulty had 
arisen previously, however, vrith regard to the qualification of 
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atomic weight to indicate properties. Thus chemists had 
consented to transpose the positions of argon and potassium, 
cobalt and nickel, and tellurium and iodine respectively, 
because properties forbade atomic weight sequence to be 
followed; the rather lame conclusion being reached that these 
pairs of elements furnished exceptions to the general rule. 

Atomic Numbers. — Since atomic- weight values have been 
degraded from their pre-eminent position as criteria of chemical 
properties, and the periodic system appears thereby to have 
been thrown out of focus, the question arises as to whether 
there is any other property of an atom which is more truly 
fundamental than its atomic weight, and can therefore be 
utilized to restore that great generalization to the position it 
merits as the guiding principle of descriptive and systematic 
chemistry. 

Already an answer to this question is in sight. The remark- 
able facts of isotopy, and the transitions through various 
periodic groups of an atom undergoing successive radioactive 
changes, are accounted for by the loss of electric charges. 
For Soddy’s Law plainly shows that the change produced by 
loss of an a-particle of mass 4, and charge of 2 positive units, 
may be compensated by a further loss of two j8-particles, or 
negative electrons of negligible mass. This suggests that 
content of electric charge rather than atomic mass is the 
fundamental criterion of an atom, and the suggestion is found 
by experimental research to be true. 

The loss of an a-particle, according to Soddy’s law, causes 
an atom to move two places backwards in the periodic table; 
so that if there are 2« places preceding a particular element 
in the table the loss of n a-particles by each atom of that 
element, if the same process could be continued successively, 
would bring the element to the beginning, that is to the place 
occupied by hydrogen. Further, since n a-particles correspond 
with 2n positive charges, it may be supposed that successive 
places in the periodic table correspond with successive incre- 
ments of positive charge on the nuclei of the atoms concerned. 
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This assumption, based upon Rutherford^s conception of the 
atom, was made by van den Broek; and the number of the 
element according to the numerical value of its atomic charge 
is called its atomic number. 

The atomic numbers of the elements are thus shown: 

H He Li Be B . . . Ra Act Th U-X* U 

1 2 3 4 5 . . . (N - 4) (N - 3) (N - 2) (N ~ 1) N 

where N is the total number of elements. \ 

The only evidence so far considered for these atomic 
numbers is Soddy’s law; the numbers are developed by 
assuming that the law extends backwards out of the region of^ 
radioactivity into that of low atomic weights, a procedure which\ 
needs justification. Moreover, the magnitude of the terminal 
numbers is not furnished by Soddy’s law. That depends on 
the precise number of elements intervening between the ter- 
minal and earlier elements in the periodic system. This most 
desirable information, which fixes the total number of elements 
existing between hydrogen and uranium, and so determines 
the magnitude of the terminal atomic numbers, has been fur- 
nished by a method of experimental research now to be 
described. 

X-ray Spectra, — ^The emission spectra of the elements 
differ much in complexity. Whilst the flame spectra of the 
alkali-metals, for example, consist of few lines, the arc or 
spark spectra of the heavy metals, e.g. the spectrum of iron, 
are very complex, and contain many lines. The X-ray spectra 
of the elements are, however, much simpler, and provide 
very important evidence on the question of atomic numbers. 
These spectra are produced in the following way. 

When a metallic target in an X-ray tube is bombarded by 
electrons, there is produced a general, continuous X-radiation 
containing all wave-lengths within certain limits. If, how- 
ever, the bombarding electrons are of sufficiently high 
velocity, an emission radiation containing X-rays of a few 
wave-lengths only, and characteristic of the metal used as a 
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target, accompanies the general radiation. These charac- 
teristic X-rays may also be produced by irradiating an element 
in a beam of primary X-rays of suitable character. Such 
X-rays are therefore capable of yielding a simple and charac- 
teristic spectrum if they can be suitably dispersed. 

Now all X-rays are of wave lengths some thousands of 
times shorter than the wave lengths of ordinary light rays, 
and special means have therefore to be found to separate 
such rays into a spectrum. A prism, or a diffraction grating 
ruled on glass, is useless for this purpose, but the cleavage 
face of a crystal of, say, potassium ferrocyanide, can be em- 
ployed owing to the fact that the space-lattice of the crystal, 
that is the distance between similar parts in the crystal struc- 
ture, is of the right order of length to diffract X-rays, just as 
a Rowland grating diffracts rays of ordinary light. This dis- 
covery, made by Laue, Friedrich, and Knipping in 1912, and 
elaborated by Professors Bragg, father and son, not only eluci- 
dates the atomic structure of crystals, but has furnished in the 
hands of Moseley (1913, 1914) the means of providing experi- 
mental evidence for atomic numbers by the study of the 
X-ray spectra of the elements. 

In the case of elements not conveniently handled in the 
solid state their compounds may be employed. For example, 
a solid metallic chloride yields an X-ray spectrum containing 
lines characteristic not only of the metal, but also of chlorine. 

The X-ray spectra of successive elements in the periodic 
system from sodium onwards have been found to consist 
each of a single strong line with one or more weaker lines; 
and the vibration frequencies (v) corresponding with these 
strong lines are connected together by the formula: 

t; - AQ», 

where A is constant, and values of Q for successive elements 
are approximately successive whole numbers which are in each 
case a unit less than the number for the element, assuming that 
for aluminium is 13. An illustration will make this plain. 
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Element. 

Atomic Weight. 

Atomic Number. 

Q 

Titanium . . 

48-1 

22 

20-99 

Vanadium . . 

51-06 

23 

21-96 

Chromium . J 

62-0 

24 

22-98 

Manganese 

64-93 

26 

24-99 

Iron 

66-84 

26 

24-99 


Thus, in general, if N is the atomic number of an elemeilt, 
and V the vibration frequency of the principal line in its 
X-ray spectrum, whilst A is a constant, the following relation- 
ship holds: 

t; = A(N - l)K 

The simplicity of the X-ray spectra of successive elements,\ 
and the orderly movement of the principal line along the 
spectrum from the positions of lower to those of higher 
vibration frequency as the elements are traversed, are impres- 
sive facts, the explanation of which is to be sought in the 
constitution of the nuclei of their atoms. It will be remem- 
bered that van den Broek assumed that successive places in 
the periodic table corresponded with equal increments of 
positive charge on the nuclei of the atoms of the elements, 
N, the atomic number of an element being also the number 
of positive charges on the nucleus of its atom. 

Moseley accepted this view, and summarized his work on 
the elements from aluminium to gold, thus: 

1. Every element, from aluminium to gold, is characterized 
by an integer N which determines its X-ray spectrum. 

2. This integer N, the atomic number of the element, is 
identified with the number of positive units of electricity con- 
tained in the atomic nucleus. 

3. The atomic numbers for all the elements from aluminium 
to gold have been tabulated on the assumption that N for 
aluminium is 13. 

4. The order of the atomic numbers is the same as that of 
the atomic weights, except where the latter disagrees with 
the order of the chemical properties. 
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5. Known elements correspond with all the numbers be- 
tween 13 (Al) and 79 (Au), except 3. There are here three 
possible elements still undiscovered. 

The last statement is now capable of extension. The atomic 
number of uranium, the last of the elements, is 92; therefore 
92 and only 92 elements exist from hydrogen to uranium 
inclusive. It is well to consider more fully the significance 
of this fact. 

In the periodic table of Mendeleeff vacant spaces were left 
for three missing elements, which were afterwards discovered; 
but it was impossible to know with certainty the total number 
of vacant spaces that should be left, because the rare-earth 
metals created a hiatus of unknown width. Indeed, in postu- 
lating twelve series of elements, Mendel^eif showed vacancies 
which should not be there. 

Now by the work of Moseley the roll of the elements is at 
length prepared; and when recent discoveries are taken account 
of, it is seen to be incomplete for lack of only two elements: 
a halogen (85), and an alkali metal (87); though the latter, 
eka-caesium, has been reported. 

Atomic number may be defined thus: 

The atomic number of an element is the number of units of 
free positive electricity in the nuclei of its atoms. 

This definition makes it clear that electric content and not 
atomic mass is the factor determining the properties of the 
elements; and so the conclusion of the whole matter as regards 
the evidence of atomic numbers is that the statement of the 
Periodic Law must be recast into the following form: 

The physical and chemical properties of the elements and their 
compounds are periodic functions of the atomic numbers. 

The statement that when the order of sequence of atomic 
weights does not follow that of chemical properties, the atomic 
numbers support the order according to chemical properties, 
affords welcome confirmation of what chemists have regarded 
as inevitable: that the pairs of elements, argon and potassium, 
cobalt and nickel, tellurium and iodine, must be placed in the 
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order here stated and not in atomic weight order, which is 
the reverse, since no redetermination of the atomic weights 
of these three pairs of elements as they occur in nature is 
likely ever to reverse the order of atomic weight sequence. 

These discrepancies receive a satisfactory explanation in 
terms of isotopes. Argon is mainly with only one per 
cent of A®®, hence its average atomic weight (39*94) exceeds 
that for potassium (39*1) in which the lower isotope, KP®, 
preponderates. It may be noted that the heavier isotope, Kr^, 
is radioactive. In the case of nickel and cobalt, the former 
is complex, having a larger amount of the isotope, Ni®®; ite 
chemical atomic weight (58*69) thus falls below that of cobal^ 
(58*94). Iodine and tellurium are similar. The former is\ 
simple, the latter complex having isotopes which yield the 
weighted mean atomic weight, 127*61, whereas I = 126*91. 

The Nuclear Atom. — Newton’s idea of the atom, probably 
shared by Dalton, was that of a “ massy, impenetrable par- 
ticle ”, incomparably hard. This cannon-ball theory could 
persist so long as the chemist knew the atom only as an un- 
divided unit; for although there was reason to regard all 
kinds of atoms as manufactured articles, composed of hydrogen 
or “ protyle ”, there was no necessity to postulate any kind of 
structure for a body which manifested no internal properties, 
and which remained “ unbroken and unworn ”. 

With the discovery of radiant matter by Crookes, however, 
and then of radioactivity itself, the case was altered. When 
it was really understood that a spectacle of atomic disintegra- 
tion was being witnessed in the new phenomena, when a- 
and jS-particles were known to be leaving the atoms of radium 
at unimaginable velocities, attempts were made to represent 
pictorially the stnicture of these atoms. The atom of hydro- 
gen was represented as a hollow sphere, sparsely populated 
with electrons, which on account of their freedom of move- 
ment and the rarity of collisions between them, never left 
the sphere. The atom of radium, however, was a busy hive, 
swarming with electrons, rapidly moving and frequently col- 
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liding, some of which were consequently ejected from the 
body of the atom with such velocity as never to return. 

That such was not a true picture was revealed by the experi- 
ments of Rutherford, Geiger, and their co-workers (1905- 
1911), when they bombarded the atoms of matter with a- 
particles. It has been shown by these workers that an a-particle 
ejected from a radioactive body at a velocity of 10,000 miles 
per second, travels in a straight line whether through a vacuum 
or a material medium such as a gas or aluminium foil. The 
atoms of the medium, therefore, offer no obstruction; the 
a-particle pursues its headlong way as if there were no 
material atoms in its path. It does not thread its way between 
the atoms; it pierces them, passing through them as a comet 
might pass through the solar system. Now this statement is 
not always true; there are rare exceptions to it, which have 
been brought to light in a remarkable manner. 

The molecules of a gas which are encountered by a travelling 
a-particle become ionized, owing to the displacement of 
electrons; and it has been shown by C, T. R. Wilson that 
gaseous ions form centres of condensation of water from super- 
saturated aqueous vapour. In this way the path of an a- 
particle through a gas supersaturated with aqueous vapour 
actually becomes visible, when suitably illuminated, as a 
glistening track of mist. So it is discovered that whilst the 
large majority of the a-particles travel in straight lines, which 
could not be the case if they were deflected from their course 
by impact with every atom they encountered, a small pro- 
portion are sharply deflected or even turned back on their 
course. Any deflection is a sign that something has been hit, 
which is comparable in mass with an a-particle; and the 
only possible conclusion is that the a-particle has encountered 
the nucleus of an atom, since the planetary electrons are power- 
less to cause an a-particle to deviate from its rectilinear course. 
Further, since the deflections of the a-particle are so rare, 
occurring in the case of “ two encounters out of many thou- 
sands ” according to C. T. R. Wilson, it is concluded that the 
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nucleus of an atom is very small compared with the whole 
volume of the atom. 

For these reasons, Rutherford (1911) described the atom as 
having a very small nucleus surrounded by revolving electrons, 
as the sun is surrounded by revolving planets. The planetary 
electrons thus occupy the space which constitutes the volume 
of the atom, whilst the mass of the latter is concentrated at 
the centre. As a whole the atom is neutral, the positive chaifee 
on the nucleus being equalized by the negative electrons which 
surround it. The radii of the nucleus and of the electron aie 
now known to be of the order 10”^® cm., while the radius of 
the atom of which they are constituents is 10“® cm. \ 

Small though it be, the nucleus is composite; this inevitable\ 
conclusion results from the facts of radioactivity, and from 
Moseley’s atomic numbers. In 1921, Aston stated that the 
primordial particles of which all neutral atoms are composed 
in equal numbers are: electrons^ or atoms of negative elec- 
tricity, and protons^ or atoms of positive electricity, the proton 
being identical with the free hydrogen ion. Atom building 
became very simple. It is only necessary to incorporate in 
the nucleus sufficient protons to give the necessary atomic 
mass, at the same time adding the number of electrons re- 
quired to diminish the total positive charge to that required 
by the atomic number. The nucleus thus contains both pro- 
tons and electrons. To balance the net positive charge which 
results, electrons equal in number to the charge occupy orbits 
external to the nucleus. Thus the nucleus of the carbon atom 
will contain 12 protons and 6 electrons, possessing an atomic 
mass of 12, and a positive charge of 6 units. To balance this 
charge, 6 electrons are outside the nucleus. 

Recently, however, two other important particles have been 
recognized, the neutron, a massive uncharged particle, and the 
positron, the positive counterpart of the electron* It is almost 
certain that views of nuclear structure will require modifica- 
tion, and, for that reason, further discussion is postponed 
to the section on nuclear transfonn^tions (Chap. XIV). 
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“ The individuality of the atom resides in the nucleus as 
manifested by mass and atomic number. As an entity, it is 
beyond the attack of our feeble chemical reactions, being 
protected therefrom by its planetary electrons, the sole excep- 
tion being the hydrogen nucleus, H+. The hardest X-rays 
may penetrate sufficiently close to glean some information, 
but, apart from spontaneous disintegration, the citadel itself 
only succumbs to the assault of massive particles. In this way 
arise the nuclear transformations referred to above. 

The Bohr Theory. — One question remains to be con- 
sidered: how are the electrons external to the nucleus arranged? 
To find an answer, the origin and relationships of the lines in 
emission spectra must be discussed. 

The spectrum of glowing hydrogen was examined by 
Balmer (1885) who found that all the known lines of the 
spectrum were given by the formula: 



where v gives the frequency of the lines when w = 3, 4, 5 . . . , 
R being a constant. 

Now, in accordance with MaxwelTs electromagnetic theory, 
light was produced by vibrating electric charges. If then a 
hydrogen atom consisted of a massive positive nucleus with 
an electron circling round it, the spectrum of hydrogen should 
be due to the rotating electron. Such an electron would con- 
tinuously lose energy due to the radiation it was emitting, and 
so would spiral towards the nucleus with increasing angular 
velocity. A continuous, not a line spectrum should be emitted, 
and the hydrogen atom would not be a permanent structure. 

In 1913, Bohr advanced two postulates which at once gave 
some reason for atomic stability, correlated known facts of 
spectroscopy, and led to great advances bearing on atomic 
structure and chemical properties. 

Firstly, he assumed that in certain selected orbits the elec- 
tron could rotate round flie nucleus without emitting energy. 
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These are stationary orbits or states^ or energy lemk\ not that 
the electron is stationary, but no radiation occurs. Only such 
orbits were selected as had an angular momentum equal to 
n/i/27r, where h is Planck’s constant, and n = 1, 2, 3 . . . . 
The number n thus defines the orbit, and is known as the 
principal quantum number. 

Secondly, he affirmed that monochromatic radiation of 
frequency v was emitted only when an electron jumped frojm 
one stationary orbit to another nearer the nucleus. Tne 
energy radiated is the difference between the energies 
and Eg of the two orbits, and is defined in the quantized 
relationship 

El — Eg ^ hv. 

Bohr’s theory led to the expression: 

i; ^ / 1 _ J N 

A* \wi® wgV 

for the frequencies of the spectral lines of hydrogen, where 
m and e are, respectively, the mass and charge of an electron, 
and h is Planck’s constant. This is Balmer’s formula in a 
generalized form, and by substituting the known values of 
my Cy and A, Balmer’s empirical constant was got with great 
exactness. 

Bohr’s formula indicates that various series of lines should 
be emitted by hydrogen, and some lines in each of the follow- 
ing series have been observed, the calculated frequencies got 
by putting whole number values for n^ and Wg agreeing with 
those experimentally determined. 

Series. n,. ng. 

(1886) Balmer 2 3, 4, 5, etc. 

(1909) Paschen 3 4, 6, 0, etc. 

(1914) Lyman 1 2, 3, 4, etc. 

(1922) Brackett 4 6, 6. 

On Bohr’s mechanism these series arise thus. The electron 
in the normal hydrogen atom occupies the orbit of lowest 
energy where w = 1. When these atoms absorb energy, c.g. 
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in a Geissler tube, their electrons move to orbits of greater 
energy where n may be 2, 3, 4, etc. On their return in jumps 
to lower orbits they emit the energy which gives rise to the 
spectrum. Those returning to the first orbit (« = 1) give 
rise to the Lyman lines in the far ultra-violet, to the second 
(n == 2), the Balmer series, to the third (n — 3), the Paschen 
series, and to the fourth (n = 4), the Brackett series deep in the 
infra-red. The intensity of a given line will depend on the 
number of electrons per unit time interval which perform 
the jump causing the line, and on the value of the energy 
quantum emitted. 

The orbits may be circular or elliptical. 

Circular mbits, — ^The permissible orbits are defined by the 
integer «, and Bohr showed that their radii were in the ratios, 
1 : 4 : 9 . . . 

Elliptical orbits. — It was pointed out by Sommerfeld that 
the fine structures of hydrogen spectral lines could be ex- 
plained if some of the orbits were elliptical. A circular orbit 
defined by n may be replaced by an infinite number of ellipti- 
cal orbits having the same energy. These would have the 
same major axis, but differing eccentricities. Only certain 
ellipses are permissible, their eccentricities being defined by 
an integer the subsidiary or second quantum number^ such 
that 

n _ major axis 
k minor axis* 

For « = 4, ^ may be 4, 3, 2, 1. The values of k are in order 
of increasing ellipticity, for when k = ntht orbit is circular. 

Magnetic Quantum Number.— Th& magnetic perturbation 
of spectral lines introduces still another quantum number. 
When a source of light yielding a spectrum is subjected to 
a powerful magnetic field the lines of the spectrum undergo 
a change. If the light is viewed in the direction of the field, 
each line is doubled; if viewed at right angles to the field, 
each line appears tripled, i.e. the original line is seen with 
a line on either side of it. This effect, discovered by Zeeman 



62 


INORGANIC CHEMISTRY 


(1896), may be explained on Bohr’s model thus. The electron 
orbits are no longer confined to one plane, but under the 
influence of the magnetic field may be found in various 
planes. The number of possible planes is limited by quan- 
tum conditions, and they are defined by a third number, 
the magnetic quantum numbety m. 

Spin Quantum Number, — ^For satisfactory explanation of 
the facts of spectroscopy and of the periodic classification 
of the elements, there is introduced a fourth number, tne 
spin quantum number s, which may be either + | or — - i. 
'This number may be interpreted as being due to the spin 
of the electron about its own axis. According to Heitler 
and London, the sharing of two electrons in a covalent bond\ 
is a neutralization or coupling of opposite spins. 

On this model of the hydrogen atom the electrons rotate 
round the nucleus in orbits selected by the quantum num- 
bers, «, ky and w, the number $ being due to the electron 
spin. Only one electron may occupy one orbit at a time. 
A more satisfactory development of energy levels, and of the 
four quantum numbers, is achieved by the newer theories of 
quantum mechanics, and in a more usual notation Bohr’s 
subsidiary quantum number k is replaced by the integer /, 
such that I = (k — 1), 

Thus, for the principal quantum number w, / may be 
0, 1, 2, 3, . . . (w -- 1). The magnetic quantum number 
m may have the values — / to + /. Thus when / = 2, m may 
be 2, 1, 0, — ■ 1, or — 2. The spin quantum number may 
be±|. 

Electronic Configuration. — ^The assignation of correct 
electronic quantum numbers for atomic systems more com- 
plex than hydrogen may be made on the basis of Pauli’s 
Exclusion Principle, according to which no two electrons 
in one atom may have the same four quantum numbers. On 
the chemical side, the atom structures must conform to their 
properties as exhibited in the periodic classification. As 
early as 1924:, Main Smith was able, largely from chemical 
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evidence, to assign electronic structures to each atom, and 
to propound a Law of Uniform Atomic Plan. According to 
this law, the atomic structures of all elements follow the 
same constitutional plan as their predecessors in order of 
atomic numbers. 

In any atom, electrons having the same principal quantum 
number, w, form quantum groups distinguished as the first, 
second, etc., quantum group according to the value of w, or 
as the K, L, M, etc., shell or energy level. The maximum 
numbers found in the first five groups or shells are exhibited 
in the inert gas radon, or radium emanation. 

Quantum group 1 2 3 4 6 6 

Shell or level K L M N O P 

Radon At. No. 86 2 8 18 32 18 8 

The subsidiary number, /, affords a basis for subdivision, 
the maximum number of electrons in each sub-group de- 
pending on its value, / = 0, 1, . . (» — 1). In spectroscopy, 
these sub-groups are sometimes referred to as the Sy p, rf, / 
sub-groups. Thus in the fourth quantum group, or N shell, 
of radon, there are four sub-groups containing the maximum 
number of electrons for /= 0, 1, 2, or 3, thus: 

Sub-groups («/) 4, 0 4, 1 4, 2 4, 3 

4j 4/> 4(i 4/ 

No. of electrons 2 6 10 14 

The sub-groups may be further divided, but for most pur- 
poses the scheme shown is ample, and is that used in the 
table on p. 66. It applies, of course, only to normal, un- 
combined and unexcited atoms. 

For an atom whose electrons are in the first quantum state, 
n=:l, /==0, = 5 =+i The hydrogen electron 

appears therefore in the first quantum group (K shell). So 
also do the two helium electrons, because their spins are 
+ ^ and — J, respectively. 

The K level is filled since all the possible quantum numbers 
for « == 1 are utilized. It is present in all succeeding atoms. 
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as is shown by Moseley’s work on X-ray spectra. Lithium, 
with three electrons, may have 2 in the first quantum group, 
but must place the third in the second quantum group, where 
n == 2 and / = 0 or 1. Passing along the short period 
Li Be B C N O F Ne, 

successive additions bring the electron content of the second 
group or L shell up to 8 in neon. i 

Chemical properties and quantum theory alike indicate t^t 
the L shell is now complete for all possible quantum numbers 
have been utilized, hence the additional sodium electron goW 
to the third quantum group. Passing along the next short 
period, the inert gas argon marks a stage in the filling of th^ 
M shell, thus: 

Argon (18) 2 12.612.6 — | 

In the extended form of the periodic classification at the 
end of this book, it will be observed that the following series 
of elements are marked off from the others. 


Ist long period 

Sc Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

2nd long period 

Y Zr 

Cb 

Mo 

Ma 

Ru 

Rh 

Pd 

Ag 

3rd long period La(R.E.) Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 


Rare earth elements (R.E.): 

Ce Pr Nd II Sm Eu Gd 

Tb Dy Ho Er Tm Yb Lu 


These are transitional series of elements in which the simple 
method of building electronic structures is interrupted. 

The electronic structures of calcium, scandium, and copper 


Ca(20) 212.612.6 — 12 
Sc(21) 2 12.612.6.1 |2 
Cu(29) 2 I 2 . 6 I 2 . 6 . 10 1 1 


Although the N shell exists in calcium, its expansion is pro- 
hibited until gallium is reached, the additional electrons going 
into the M shell and increasing its content from 8 in calcium 
to 18 in copper. Zinc restores 1 electron to the N shell. 
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A similar change in the mode of development occurs in the 
two series headed by yttrium and lanthanum (excluding the 
rare earth elements). Again the second last group expands 
at the expense of the outer group. 

The lanthanum series is complicated by the rare earth 
elements which follow La in order of atomic number. 

Consider the structures: 



K, L, M 

N 

0 

P 

Ba(66) 

28 electrons 

18 

8 

2 

La(67) 

a if 

18 

9 

2 

Ce(r)8) 

f) 

19 

9 

2 

Lu(71) 

1) » 

32 

9 

2 

Hf(72) 

ft ft 

32 

10 

2 


No sooner has the expansion of the 0 shell commenced in 
lanthanum, than the expansion of the N shell commences in 
cerium. This continues through the rare earth elements until 
lutecium is reached, thereafter the expansion of the 0 shell 
continues until in gold it contains 18 electrons. 

There are thus definite points when the development of 
outer shells, or quantum groups ceases, while the atoms 
acquire stability by buttressing their inner groups. 

The division of all atoms by Bohr into four types is amply 
confirmed by chemical character. 

1. Atoms having all electronic groups completed (i.e. with 
closed shells). These are the inert gases which never gain 
electrons but may lose them, e.g. in a Geissler tube. 

2. Atoms where every group save the highest is complete. 
These are found in the elements of the first two short periods, 
excluding the inert gases, and in elements such as those of 
Groups I A, II A and B sub-groups. 

3. Atoms whose two outer shells are incomplete. These 
are the elements considered above; the transitional elements 
in the wider sense. They are catalysts, they display poly- 
valency, and occupy the hollows in Lothar Meyer ^s atomic 
volume curve. Their ions are coloured and paramagnetic. 

4. Atoms in which the three last shells are incomplete. 
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DISTRIBUTION OF ELECTRONS IN THE ATOMS 
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The table shows not only those distributions of electrons which 
have actually been ascertained from the spectra, but also those which 
have been determined by considerations of analogy; the latter are* 
indicated by an asterisk attached to the symbol of the element. The 
probability of correctness of the inferences from analogy is, however, 
very high. 

Table copied, by pennission, from Atomic Physics, by Max Bom. 


These are the rare earth elements which form an inner transi- 
tional series. They are remarkable for their characteristic 
tervalency, are catalysts, and may yield coloured and para- 
magnetic ions. 

Chemical properties therefore depend on the electrons 
in the outermost shells, from which valency electrons are 
drawn; the inner shells remain inviolate. 
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ELECTRONIC THEORY OF VAT.ENCY 

It will be recalled that in Faraday’s Laws of Electrolysis, 
which plainly showed the connection between the charge and 
the valency of the ions transporting the current, there lay 
buried the germ of the electronic theory of valency. Then 
Arrhenius carried the idea a stage further by supposing that 
electric charge did not depend on the advent of the electric 
current, but rather that the passage of the current in elec- 
trolysis depended on the previous existence of charged ions 
in the solution. Electricity was so near the surface, so to 
speak, in a solid electrolyte, that it broke through and mani- 
fested itself directly the electrolyte was dissolved in water. 

The work of Crookes confronted the chemist with the fact 
that on the surface of atoms there are electrons which are 
removable, and that this constitutes the secret of all electro- 
chemical theories from the days of Davy. These transferable 
electrons are the active agents in chemical change, they are 
the stuff of which valency is made; they are valency electrons. 
This idea was first realized by Ramsay who may thus be said 
to have originated the electronic theory of valency. 

According to Ramsay, the atoms of sodium and chlorine 
are held together by means of an electron E, so that the 
formula for sodium chloride may be written, NaECl. On 
solution in water a separation takes place, the sodium atom 
loses its share of E which goes over completely to the chlorine 
atom. There results a positively charged sodium ion Na+ 
because of deficiency of E, the unit negative charge, and a 
negatively charged chloride ion CL which owes its charge 
to excess of E, thus: 

NaECl ^ Na+ + ECL. 

Thus far, however, it is not apparent why the sodium atom, 
rather than the chlorine atom, should yield its share of the 
electron, or indeed, why anything should happen at all. It 
has already been suggested that the periodic classification 
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furnishes the criterion of valency, therefore the distribution 
of valency electrons in the successive elements of a period 
must be connected with the transition of chemical properties 
along that period. Consider the period sodium to argon. 

I II III IV V VI VII o 

Na Mg A1 Si P S Cl A 

The number of electrons in the outer shell of a neutral atbm 
in this period corresponds with the group in which the elem^t 
occurs. Thus, sodium has one electron in its outer groim, 
magnesium two, and so on, up to the argon atom which has 
eight. Now, the possession of eight electrons in the out^ 
shell corresponds with chemical inertness and null-valency\ 
such as characterizes argon and other members of the same 
family. It is thus a condition of stability which, it is believed, 
the atoms of elements tend to attain by loss or gain of electrons. 
Atoms possessing up to three electrons in the outer shell gener- 
ally prefer to lose them rather than to gain a larger number so 
as to make up the full complement of eight; by losing their 
outer electrons they sometimes unmask a group of 8 (or 18) 
contained in the second outermost shell. An atom with four 
outer electrons may lose these, or gain other four, though, as 
will be seen later, the tendency is rather to acquire four; if it 
has more than four, then it is easier to gain the smaller than 
to lose the larger number. Elements whose atoms lose elec- 
trons are electropositive and are metals, the atoms becoming 
positive ions. In like manner an atom which gains electrons 
becomes a negative ion, and the element concerned is electro- 
negative and a non-metal. Eight electrons constitute an octet, 
and the theory above expounded is the octet theory advanced 
independently by Kossel and Lewis in 1916. 

The number 8 recalls the normal and contravalency of 
Abegg (1904), who indicated that it was significant for all 
atoms as the number “ representing the points of attack of 
electrons In the same year. Sir J. J. Thomson, from his 
model of the atom, deduced mathematically that eight elec- 
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trons should form a stable grouping, it is interesting to note 
that the cubic formulae given below were used by Lewis as 
early as 1902. 

The interaction of sodium and chlorine may now be con- 
sidered, and it will be seen what advance has been made on 
Ramsay’s theory. The activity of metallic sodium depends 
on the ease with which it gets rid of its solitary valency 
electron so that the shell of eight electrons below may now 
become the outer shell; whilst the activity of the chlorine 
atom is due to the tendency to acquire one electron which, 
together with the seven outer electrons it already possesses, 
will form a completed octet. Thus, the vigorous reaction 
between sodium and chlorine is due to the transfer of one 
electron from the sodium to the chlorine atom, whereby 
sodium and chloride ions are formed. The electron arrange- 
ment in each ion will thus be: 

Na+ Cl“ 

2.8 2 . 8 . 8 . 

These are the configurations of the neutral atoms of neon 
and argon, respectively. 

It is generally sufficient to represent only the changes in 
the outer electrons, the valency electrons. Thus the octet 
was formerly represented spatially by the corners of a cube 
(Lewis). 


+ 


/ y 

1 

+ 


7 ^ 

z 



+ 


/ / 

^ 1 



6 . 


J/ 


^7 


Na Cl Na+ Cl“ 


A simpler plan is to affix dots to the symbols or formulae to 
represent electrons, thus: 

Na- + .a: [Na]+ + [xi:]*" 

This idea represents a fundamental change in our con- 
(D170) 4 
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ceptions of electrolytes. Whereas Arrhenius supposed that 
salts like sodium chloride must dissolve in an ionizing sol- 
vent such as water before they formed ions, the truth is that 
ions are formed by the very process of chemical reaction. 
Consequently sodium chloride consists of ions, and in the 
solid state these are held, together by electrostatic attraction. 
Solution in water merely causes a separation of these ions, 
and the crystalline structure disappears. The electroljjte 
need not be soluble in water, for X-ray analysis of crystal 
structure reveals, for example, that many oxides are ionic 
in character. Thus magnesium oxide contains magnesium 

and oxide ions, [Mg]++ and [xOr]"*, packed in characteristic^ 

manner in the solid. The electrons marked x are those ac- 
quired by oxygen from magnesium in the process of reaction. 

There are, however, other compounds which are not 
electrol3^es, e.g. CH4 and COj, and the theory advanced by 
Lewis is sufficiently wide to include these. If the formation 
of a compound is contingent on the acquirement of an octet 
of electrons, then completed octets may arise by mutual 
sharing of electrons between the atoms, without any trans- 
ference, and without the development of electro-polarity of 
the type just considered. According to this view the differ- 
ence between CH4, or better, CCI4, and NaCl will be repre- 
sented thus: 

• ci: 

:ch c ;a: [Na]+ [>< ci :1 

:ci: 

where (x) marks electrons contributed by carbon and sodium, 
respectively. 

The kind of valency in which a pair of electrons, called 
a duplet^ is shared equally between two atoms, each of which 
has provided one electron, is called co-valency: whilst that 
kind in which complete transference of an electron has oc- 
curred, producing ionization, is called electrovalency. It thus 
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appears that these two types of valency satisfy respectively 
the unitary doctrine of Dumas, and the dualism of Berzelius 
and Arrhenius. The controversy between Dumas and Ber- 
zelius which ended in the discomfiture of the latter, is now 
resolved, and it is recognized that both were correct in their 
own sphere. The characteristic valency shown by organic 
compounds is covalency, and therefore, in the language of 
Dumas, these compounds form a complete whole and cannot 
be said to consist of two parts. On the other hand, inorganic 
compounds generally display electrovalency and ionic re- 
actions. 

There is yet, however, another method of union which 
must be considered. It should be remembered that the 
formulae given above represent an enormous simplification of 
the properties of the electron; it is neither stationary nor is 
it a minute point of electricity, for it is now considered to be 
associated with a wave motion. In addition, the duplet link 
may not be symmetrically disposed towards the two atoms 
which it links together, the part towards which it has moved 
being negatively charged, and the other part positively charged, 
with development of incipient polarity. Such molecules or 
links are termed polar ^ and the segregation of electrical charges 
will produce a dipole moment in the molecule. For clarity, 
the term polar should not be regarded as synonymous with 
electrovalent, although electrovalency is extreme polarity. In 
addition, an unsymmetrical arrangement of atoms round a 
central atom may endow the molecule with a considerable 
dipole moment. It is possible, therefore, for a molecule whose 
primary valencies are satisfied by the methods described 
above to possess secondary, residual, or field valency, in virtue 
of which it may attract other similar molecules and form 
complexes which are held together by the electrostatic attrac- 
tion of oppositely charged centres. 

Nevertheless, there are a large number of compounds in 
which this “ secondary ” valency may be precisely expressed 
in terms of electrons. 
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The electrically neutral molecule' of ammonia may be 
represented thus: 

H 

H:N: 

ii 

the nitrogen octet containing five of its own electrons, and, 
in addition, three derived from the hydrogen atoms. Two 
of these electrons are disengaged and form a “ lone pair t, 
as they are called. The suggestion was made by Huggins 
(1922), and later developed extensively by Sidgwick, that 
these two electrons might be donated to another atom so' 
that it might acquire an inert gas configuration. Now am- 
monium chloride is formed thus: 

NHs + H+ + Cl- - [NH4]+ + Cl”, 


or electronically, 


- H - 

h:*n: 

- H - 


o 


[H]^+ [xi:]"-. 


“ H “ 

h:n:h 

- H . 


+ 


[■•ci:] • 


It will be observed therefore that the hydrion H+, now has 
a share of two electrons, and in electronic structure compares 
with the inert gas helium, which also has two electrons. For 
the first few electropositive elements therefore, the helium 
pair confers the same stability as does the octet in later ele- 
ments. At the same time the positive charge of the hydrion 
is now transferred to the ammonium ion. 

Whether a lone electron pair will be reactive or not depends 
on the character of the central atom, for PHg has little attrac- 
tion for H+, and with ASH 3 and SbH 3 the attraction does not 
exist. 

Ammonia may also combine with complete molecules, e.g. 
BF3, forming molecular compounds. In BF3 boron has not 
a completed octet, and so may accept the two electrons pro- 
vided by the nitrogen atom in NH3, thus: 
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H F H F 

H*xN: + Bx*F - H JN:BiF 

«X X» ‘X X* 

H F H F 

According to Lowry, one of the electrons of the lone pair 
is transferred to the other molecule concerned so that polarity 
results, the donor molecule becoming positive, and the ac- 
ceptor molecule becoming negative. The other electron is 
shared equally by both. Thus the bond is half polar and half 
non-polar. Lowry therefore calls the bond so formed a semi- 
polar double bond. 

Whatever the mechanism of its formation, this bond is that 
by which molecular compounds are formed, including many 
ammines and hydrates. It is Werner’s auxiliary valency and 
may be known as co-ordinate covalency (Sidgwick). 

It is believed that a fourth type of link exists, the mono- 
electronic link. This will be considered in certain specific 
examples, e.g. the boron hydrides. 

Some remarks may now be made on the use of “ bonds 
In organic chemistry the use of bonds to represent the known 
molecular constitution of organic compounds has been of 
great value; in the case of inorganic compounds their use has 
been less satisfactory, and even misleading. It will be appa- 
rent that compounds whose parts are held together by electro- 
valency, i.e. electrolytes, should not be represented as having 
bonds, since union is by a diffused electrostatic attraction and 
not by a localized force transmitted through an electron pair. 
A bond (— ) therefore, should only be employed to represent 
reciprocal covalent union, such as is common in organic 
compounds, and which also occurs in a number of inorganic 
compounds and radicles. This bond is sometimes replaced 
by a dot (•) when no confusion with electronic formulae may 
arise. The ‘‘semipolar double bond ” is of the covalent type, 
although both electrons originate from the same atom, and 
for it Lowry employs the sign (=^), the half-arrow representing 
the direction of transfer of the one electron, and the plain 
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bond the mutual sharing of the other electron. Sidgwick* 
uses the sign (->), the arrow pointing away from the atom which 
provides the electrons. Another scheme suggested by Main 
Smith, represents each electron in the link, thus, fcr, the dot 
being near the atom which provided the electron. A co- 
ordinate covalency may therefore be represented in three ways. 

A=^B A->B A:=:B 

On Main Smith’s formulation a single covalent bond wouijd 
be represented thus: 

A t=^B 

The connection between the new theory and Abegg’s doc-\ 
trine of valency becomes apparent. Consider the two com- \ 
pounds of phosphorus, PHg and P 2 O 5 . Abegg would say that 
the normal valency of P is — 3 and its contravalency + 5, 
with an arithmetic sum of 8 . Which valency is to be con- 
sidered normal and which contra- is of minor importance. 
What is important is that the phosphorus atom is electro- 
negative towards hydrogen, receiving from three atoms of 
this element the three electrons necessary to complete its octet; 
and electropositive towards oxygen, so that two phosphorus 
atoms each contribute five electrons .to complete the octets of 
five oxygen atoms, each of which possesses six electrons. 

Properties Associated with Links. — Molecules whose 
atoms are linked covalently will have but a small external 
field of force, hence the work necessary to separate them in 
volatilization will be small: such compounds therefore have 
low boiling-points. It will be otherwise with electrovalent 
compounds whose full ionic charges are utilized in binding 
the ions. Thus SiCl 4 boils at 57 ^ and NaCl at 1440°. The 
increase of boiling-point consequent on polymerization should 
be distinguished from that due to electrovalency. Moreover, 
covalent compounds are soluble in organic solvents, and are 
poor conductors of electricity in solution and in the fused state, 
whereas good conductivity is an ionic characteristic. Some 

• TAe EUctronic Theory of Valency. 
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compounds show a dual character. Anhydrous liquid hydrogen 
chloride is not a conductor, whereas in aqueous solution it is 
a good conductor. Presumably electrovalent conditions arise 
in water due to the formation of oxonium ions thus: 

HCl + HjO ^ [H80]+ + Cl-. 

Similarly, AICI3 is low melting and a poor conductor, 
nevertheless it forms conducting aqueous solutions. Most 
likely hydration occurs with the formation of the ions 
[Al(H20)e]+++ and 3 C 1 -. 

On occasion, therefore, one form may change abruptly to 
the other. Chemical theory accepts the view that covalency 
and electrovalency are the limiting conditions of various inter- 
mediate gradations. The present theories of crystal and mole- 
cular structure recognize the two types, and clearly indicate 
that gradations are possible. 

The covalent bond possesses direction in space and for this 
reason isomeric molecules exist having the same empirical 
composition but having differing properties explicable only 
in terms of the different space distribution of constituent 
atoms and groups. This is familiar in the stereo-isomerism 
and in the optical activity of organic compounds. Taking a 
compound of the type CR1R2R3R4, the four univalent radicles 
may be regarded as grouped about the carbon atom, occupying 
mean positions. Unless all the groups lie in one plane with the 
carbon atom a tetrahedral arrangement results, the groups 
Rj, Rg, R3, and R4 forming the apices of a tetrahedron. The 
spatial configuration becomes: 
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The molecules thus indicated are “ asymmetric ”, possessing 
no plane of symmetry, and though the compounds are of the 
same composition, they are not identical, the structures being 
related to one another as object and image, or as a right- 
handed and a left-handed screw. This difference is expressed 
in their effect on polarized light, and when transparent, such 
substances, whether in solution or not, rotate the plane of 
polarized light, the one compound to the left, the other an 
equal amount to the right. They are said to be enantior 
morphous, \ 

Similar space relationships are to be found in inorganic! 
compounds, which are in no way inferior to carbon com-\ 
pounds in the symmetry of their varied architecture. This \ 
will be dealt with in connection with Werner’s complex salts 
(Chap. XII). 

It may be noted that asymmetric, and therefore optically 
active compounds analogous to the carbon type above are 
known, when the central atom is nitrogen, silicon, phosphorus, 
sulphur, selenium, arsenic, copper or zinc. In addition, though 
not with carbon, optical activity may arise when the central 
atom is associated with groups having an octahedral space 
disposition. 

The semi-polar bond (co-ordinate covalency) induces pro- 
perties resembling, though to a lesser degree, those associated 
with an electrovalent bond. The main evidence for its exist- 
ence may be briefly mentioned. It has already been noted 
that Sugden’s parachor is additive, and may even distinguish 
the increment due to the type of bond present. For the co- 
valent double bond (4 electrons), and for the semi-polar bond 
(2 electrons), in 

A — B and A^B 
-f 23-2 - 1-6 

the differences between the observed and calculated molecular 
parachors give distinct values for each type, as shown above. 

On parachor evidence the sulphinic esters are represented 
by the first formula; 
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RO\ RO\ 

> — )S~0, 

Rj/ Ri/ 

This conclusion is confirmed by the discovery that these 
molecules are asymmetric and show optical activity, hence 
the arrangement must be tetrahedral, even although only 
three groups are present. This result is not possible if a 
double bond be present, for all the atoms would be in one 
plane. 

The term “ co-ordination was used by Werner in his 
theories of the structure of molecular compounds such as 
the ammines and related complex salts. 

The compounds, PtCl2,4:NH3 and AuCl3,KCl, were written 
by Werner thus: 

[Pt(NH8)JCIa K[AuClJ. 

The four ammonia molecules or chlorine atoms were said to 
be co-ordinated to the central atom, whose co-ordination 
number was therefore 4 . In [Co(NH3)3]Cl3, the co-ordina- 
tion number of cobalt is 6. The conception of the co-ordinate 
bond gives precision to these views. Indeed, since Werner’s 
theory was advanced to explain the nature of compounds 
which were unaccounted for on older theories of valency, the 
same compounds may well form a crucial test of the newer 
theories of valency. 

On these theories the structure of KAuCl^ arises thus: 

:C1: .. 

:Ci:Au K+[:Cl:r K+ :ci:Au:Ci: 

:ci: 

Here the chloride ion supplies the two electrons required to 
complete the octet of the gold atom. Using bond symbols, 
the complex molecule C0CI3, SNHj may be represented thus: 

Cl — Co**" NHj 

_Cl/ "^NnJ 


(D170 ) 


4 * 
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It will be useful to give here a few examples of Werner’s 
formulae, and contrast them with the ordinary formulae. 

Cr*(S04)8, 6HaO [Cr2(OH2)e(SO,)nl 

KaSnOa, SHgO Ka[Sn(OH)o] 

KaPtOa, SHjO Ka[Pt(OH),] 

KaPtCla KalPtCle] 

FeCla, 6H2O [Fe(OHa)JCl8 

Modern stereo-chemical theory recognizes that the atorn^, 
molecules, or radicles within the bracket have a very definite 
space relationship to the central atom. The group AX 4 will 
have the X atoms more or less at the points of a tetrahedron, \ 
the A atom occupying a central position. In some cases the \ 
atoms may be co-planar, the X atoms then occupying the \ 
corners of a square. In the group AXq, the X atoms occupy 
the points of a regular octahedron. Atoms, such as Cl, which 
are outside these inner groupings exhibit their normal ionic 
reactions, in contrast to those within the complex. 

Such association of parts might conceivably arise from 
mutual attraction of molecules which are dipoles, as indeed 
NHg and HgO are. Such cases do exist. However, many 
cases of optical activity associated with both tetrahedral and 
octahedral symmetry are known and this involves definite, 
directed valency bonds. In 1930, Mann found that the under- 
noted co-ordination derivative of PtCl 4 formed optically 
active isomers, the separate molecules being inactive. The 
formula, somewhat simplified, is 



Cl— Pt— Cl 
Cl/ /ci. 

This must nr.ean that co-ordination has produced an asym- 
metric centre in the sulphur atom, which is now akin to the 
sulphur in the sulphinic ester mentioned above. Hence there 
must be a definite link between sulphur and platinum. 

An outstanding application of the co-ordinate link appears 
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in the structures assigned to the acid radicles, [AOJ”, where 
A may be S, Se, Cr, Mn, P, Si, etc. 

For formal presentation, many of these acids are repre- 
sented in this book by formulae such as OX(OH)3 and 
02X(0H)2, but these are scarcely justifiable as constitutional 
formulae. The formula S02(0H)2 for sulphuric acid, which, 

O. .0-H 

when expanded becomes ^ suggests that there 

\0— H 

are two ways in which the oxygen atoms are attached to sul- 
phur, whereas there is no reason to believe that such is the 
case in the sulphate ion, at least in the sense which this 
formula suggests. The following is the manner in which the 
atoms in the sulphate ion are put together, two extra electrons 
(shown x) being derived from the two hydrogen atoms of 
water, which thus become ions: 


:s:+3:o: 


:o: H 

:o:s::o:+:o: 

• • • X 

H 


:o: 


:o: 

• t x« • • 

H 

:o:s:o: 

c 

:o:s:o: 


• • XX • • 

:o: 


• • • X • • 

:o: 

H 


Combination of SO3 with water involves the opening out of 
the double bond (: :), but although one, or perhaps two, 
oxygen atoms are attached to sulphur wholly or partly by 
borrowed electrons (x x), it cannot be supposed that this kind 
of bond, when formed, is distinguishable from the other, or 
that when water is removed from H2SO4 it is necessarily the 
same oxygen atom which breaks away in company with 
hydrogen. 

The reason for the non-existence of H4SO5 and HgSOe is 
that the sulphur atom cannot accommodate more than four 
oxygen atoms. The existence of hydrates such as H2S04,H20 
and H2S04,4H20 is quite another matter, and it will be seen 
shortly how the sulphate ion can become hydrated. 

In the general formula, [AO4]", therefore, n signifies the 
number of elec’trons to bo borrowed from outside to supply 
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A with a completed octet: this number varies with the number 
of valency electrons possessed by A. Such acids in the 
undissociated and dissociated states may be written thus: 


HO\ 


yClC 



Water of Crystallization. — It was a conspicuous merit qf 
Werner’s structural theory that it gave definite positions t|5 
molecules of water or of ammonia in hydrates and ammoniate^ 
Cupric sulphate, CUSO4, SHgO, forms the monohydratei 
CUSO4, HgO, at 100°: stronger heating liberates SO3 beforcM 
all the water is lost. Hence a differentiation of the water \ 
present may be assumed. It is significant that CUSO4, 4NH3, ' 
HgO is formed in presence of water, whilst CUSO4, SNHg is 
formed under anhydrous conditions, and in the presence of 
water exchanges one NH3 for one HgO molecule. The penta- 
hydrate may be written thus: [Cu(H20)4] [SO4, HgO], and 
from crystal analysis it appears to have the structure: 


HaO. ^/OH*. 



Four H2O molecules are co-ordinated to the cupric ion, all 
being in one plane, while the fifth HgO forms a link between 
the complex cation and the tetrahedral sulphate ion. 

The hydrogen atoms were formerly considered to be linked 
co-ordinately to oxygen, thus: — O — H-<- 0 — , but this in- 
volves bivalent hydrogen with four electrons, which is difficult 
to interpret theoretically. Here the structure O — marks 
a connection between the atoms which is not yet fully explained. 
On modern theories of crystal structure, the oxygen atoms of 
304“ are considered each to possess some negative charge (see 
also silicates): indeed this may be implied in the structure, 
O^-S, which is equivalent to Lowry’s semi-polar double bond. 
Hence the hydrogen may be held to one oxygen atom by elec- 
trostatic forces, the two atoms so bridged or bonded being 
drawn closer together. 
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The existence of such hydrogen ** bridges is well authen- 
ticated in crystal chemistry. Thus, the compound, KHFg, is 
considered to be K[FHF] and the same link is present in 
the solids, Na[HC03] and K[H2P04]: 




C— OHO-~€ 






o o 

OPOHOPO 
O O 
H H 
O O 
OPOHOPO 
O O. 


The negative ionic charges are neutralized by the positive 
ions Na+ and K+ suitably disposed in the crystal structure. 

An alum such as K2SO4, Al2(S04)3, 24H2O was formulated 
by Werner thus: 



According to the work of Lipson ( 1935 ), polymerization of 
HgO to give (H4O2) is not to be assumed. For every six 
molecules of water which are co-ordinated octahedrally to 
one A 1 atom, there are six others which serve to bind the 
[Al(H20)e]+++ octahedra, the sulphate, and the potassium 
ions in the crystalline structure. It is evident that molecules 
of water may play two roles in structural chemistry. Even 
methane and the inert gases form solid hydrates, attributable 
to weak van der Waals forces. 

Valency Number. — ^The older definition of valency as 
the combining capacity of an atom, or as the ratio 

atomic weight 
equivalent weight* 

leads us to inquire if it is now possible to provide a simple 
rule whereby the variations of this property may be expressed 
as numbers. No simple rule exists, for atomic linkings can 
arise in various ways. Grimm and Sommerfeld proposed 
( 1925 ) that the valency of an atom is given by the number of 
its electrons used to effect union with other atoms. This for 
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the most part satisfies definitely ionized or purely covalent 
compounds such as: 

:a: 

[Nai+fjcl:] or tcirCiid; 

L •• J •• X* •• 

:ci: 

Here sodium and chlorine are univalent since one electroh 
has passed from sodium to chlorine, and in CCI4 carbon ip 
quadrivalent having provided four electrons for its union witi^ 
four chlorine atoms. 

Difficulties arise when co-ordinate links are present. Am- ^ 
monium chloride is ^ 

H ^ _ 

H^N;H [:Cl:J • 

. H 

and, on Grimm and Sommerfeld^s rule, nitrogen may be said 
to be quinquivalent, since the formation of ammonium 
chloride requires nitrogen to utilize its five electrons. Never- 
theless the structure of the ion [NHJ^ is better defined if 
nitrogen be called l-covalent, for there is no reason to 
suppose that the co-ordinate link, once formed, differs from 
the other links present. The rule makes platinum quadrivalent 
in PtCl4 and [PtClJ", though in the complex ion platinum is 
better described as being 6-covalent. 

Sulphuric acid has been formulated in two ways, thus: 

HO\ O 

ho/ o ho/ \o’ 

Both structures, following the rule, give sulphur a valency of 
6 in conformity with older ideas. The first correctly repre- 
sents sulphur as being 4 -covalent. 

Govalencies Greater than Four. — ^Electrovalency and 
pure covalency are periodic in character, the value and type 
depending on the group position of the element which is 
decided by the number of electrons available for octet for- 
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mation. In some cases the octet rule breaks down. Thus, 
OsFg, the only known octifluoride, vaporizes easily without 
dissociation and is therefore probably an 8-covalent com- 
pound in which 16 electrons bind the osmium atom to the 
fluorine atoms. The oxide OSO4 is also volatile and is prob- 
ably similarly constituted, each oxygen being linked to osmium 
by two covalent bonds. Alternatively, as in the second struc- 
ture (which preserves the octet rule), the union may be by 
semipolar bonds, all the electrons being provided by the 
osmium atom. 



o::os::o :o:os:o 



Many examples of complex ions are known where the octet 
has been increased by co-ordination. Thus in [PtClJ" and 
[Co{NH3)e]Cl3, platinum and cobalt each possess 12 electrons 
in the valency shell. This display of higher covalency is not 
dependent on the group position of the element and is not 
periodic in character. According to Sidgwick, the maximum 
covalency which an element may show depends on its position, 
in series. Thus for the series lithium to fluorine, the valency 
group may contain 8 shared electrons ( 4 -covalency), from 
sodium to bromine, 12 shared electrons (6-covalency), and for 
succeeding elements, 16 shared electrons (8-covalency). 

In support of these views Sidgwick points out that SiCl4, 
but not CCI4, is hydrolyzed by water, for the silicon atom 
can accommodate 12 electrons in the valency shell, and so 
react with water thus; 


H Cl Cl 

I \/ 


O 



H Cl Cl 


H 


0 

1 

H 


HO OH 

+2Ha. 


By repetition the hydrolysis is completed. In CCI4 the carbon 
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atom has already its maximum covalency of four, and so 
cannot react with water in this way. The inertness of SFg 
towards water may be attributed to the same cause, for sul- 
phur has here its maximum covalency of 6, which cannot be 
increased by co-ordination of water molecules. 

The hydrolysis of NClj occurs because the water molecule 
may be attached through hydrogen to the lone electron pa^r 
of nitrogen. Hypochlorous acid is then formed, thus: 

HO Cl 

H:N:C1 - H:N:C1 -f HOCl. 

• • • • 

Cl Cl 

Two repetitions of the process produce ammonia. \ 

It may be observed here that Sugden, on the basis of para- 
chor measurements, makes considerable use of single electron 
links in place of the duplets of covalency, and is thus enabled 
to maintain the octet in atomic structures. (See the hydrides 
of boron and PClg). 

Metallic Links.— Simple valency relationships break down 
completely in most intermetallic compounds such as may be 
present in alloys. Metallic properties such as electrical con- 
ductivity and reflection of light require the presence of elec- 
trons which have some freedom of movement in the structure, 
so that the metallic link must be somewhat different from the 
links in organic and inorganic compounds where all the 
valency electrons form stable groupings. The compounds 
below, which possess the same lattice structure, illustrate 
these abnormal valency relationships. 

CugZns AggZng NasiPbg CugAl*. 

It appears to be significant for the particular structure that 
the ratio of the total number of valency electrons to the 
number of atoms is 21/13 in each case. 

Polyvalency. — ^The notable polyvalency shown by transi- 
tion elements in the wider sense is due to their ability to 
withdraw valency electrons from their inner groups. These 
changes may occur in single units, as with manganese, which 
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may show valencies of 1 , 2, 3 . 4 , 6 and 7. The behaviour 
of manganese is dealt with under oxidation; meantime, the 
cuprous and cupric states of copper may be used in illustration. 

Copper occurs at the end of the first transition series and 
has the electron structure: 

2 I 8 I 2 . (i . 10 I 1 

Cuprous salts arise when the single valency electron is removed, 
and thus resemble the alkali salts. Cupric salts require an 
additional electron from the next group giving the cupric 
ion Cu++ the structure: 

2 I 8 I 2 . 0 . 9. 

Polyvalency of another type appears in later elements of the 
first two short periods. The sulphur atom in SOs* is con- 
sidered to have an octet of electrons, only three pairs, however, 
being used to bond the three oxygen atoms. Co-ordination of 
one oxygen atom to the lone pair produces sulphate ion, 804'“, 
and in this oxidation the inner electron groups of sulphur 
remain untouched. On older ideas the sulphur valency changes 
from 4 to 6, but the change is more aptly described as from 
3 - to 4 -covalency. The formation of [NH4]+ from NH3 is 
similar and the oxyacids of chlorine furnish another example 
(see Chap. IV). 

Sidgwick has pointed out that the heavier elements in 
B sub-groups exhibit varying valency for yet another reason, 
namely the tendency of a pair of electrons to become “ inert 
This is marked in the series, Hg, Tl, Pb, Bi. The structure 
of the lead atom, for example, is 

90 I 18 1 2 . 2 

and the production of Pb++ involves removal of two valency 
electrons, leaving a pair which are inert and behave like the 
helium pair of electrons, just as the octet confers something 
of the stability of argon. 

The stable mercury atom is 

60 I 18 I 2 
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and mercuric compounds result when the two valency elec- 
trons are utilized. Mercurous mercury is, however, [Hg-Hg]++, 
two of the four available electrons bonding two atoms into a 
bivalent complex. 

Colour in Inorganic Compounds.— The exact relation- 
ship between colour and constitution in inorganic compounds 
is not known, but it seems to correspond in the main to a 
looseness or an unsaturation in the electronic structurefc. 
Lewis pointed out that the molecules NO, NO 2 , and CIOL 
were odd in that they contained 11, 17 and 19 electrons 
respectively. The last two are coloured, though when N 204 \ 
is formed, the colour of NOg disappears. It is characteristic \ 
of the transition elements, with their facile interchange of 
electrons, that their compounds are coloured. Anhydrous 
cupric sulphate is white, though the hydrated or ammoniated 
cupric ion is coloured. This in part is attributed by Fajans 
to a constraint or deformation of the electron systems of the 
co-ordinated molecules. 

Cobaltous chloride combines with 1, 2, or 6 H 2 O. The 
change in colour of the hydrated salt from red to blue by 
heating or the addition of alcohol has generally been attri- 
buted to dehydration; but there is reason to believe that 
complex anions are formed thus: 

CoCIa ^ Co- + 2Cr; CoCla + 201' [CoClJ". 

When, e.g. sufficient concentrated hydrochloric acid is 
added to a pink solution of cobaltous chloride the colour 
becomes blue, and there is evidence that a blue anion CoCls' 
or CoCl/ is formed. Nevertheless rise of temperature con- 
verts a solution of cobaltous chloride containing hydrogen 
chloride from pink to blue, and this is attributable to de- 
hydration. 

Anhydrous cupric chloride is brown, and with a little water 
yields a brown solution which on progressive dilution becomes 
green and eventually blue, the colour of the hydrated cupric 
ion. Hydration plays a part in these changes, though in con- 
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centrated solution the complex [CuClJ^ is believed to exist. 

Magnetic Properties of Atoms. — ^The rotation of elec- 
trons in orbits will constitute elementary magnets which may 
or may not be neutralized by reason of their arrangement 
within the atom. An external magnetic field will distinguish 
the two types, for, should the atoms possess a resultant mag- 
netic moment, the magnetization induced will be in the same 
sense as the external field, and the substance is paramagnetic. 
On the other hand, for a substance whose atoms have zero 
moment, the magnetization will be in the opposite direction 
to the field. Such substances are diamagnetic^ as all sub- 
stances are, but diamagnetism may be overshadowed by 
paramagnetism when such exists. 

The inert gases are diamagnetic since their electron groups 
and sub-groups are completed. Paramagnetism is associated 
with incomplete groups such as are found in the ions of 
transition elements. 

The complex salts, K4[Fe(CN)e] and K3[Co(CN)0] are 
diamagnetic, the central atoms Fe and Co, possessing the 
same total number of electrons ( 36 ) as the inert gas krypton. 

Paramagnetism appears in K3[Fe(CN)6] and [Cr(H20)3]Cl8, 
since the atoms of Fe and Cr are one and three electrons, 
respectively, short of the atomic number of krypton. 

CHEMICAL PROPERTIES 

As a common criterion of the chemical characters of the 
elements, it may be well to employ their electro-chemical 
behaviour, as was done by Berzelius. Before, however, this 
can be done, it must be understood what is meant by the 
terms electro-positive and electro-negative, or, more simply, 
positive and negative, as applied to elements. It may be said 
that these terms are equivalent to the words metallic and 
non-metallic respectively. These latter expressions do not, 
however, convey any more definite meaning, when chemically 
considered, than the former ones. 

Definite conceptions on this subject are derivable from the 
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theory of electrolytic dissociation. Zinc and copper may be 
contrasted in their tendency to pass into the ionic state in 
solution. Since metallic zinc displaces hydrogen from dilute 
sulphuric acid, whilst copper is without action upon this acid, 
zinc has a superior solution pressure to copper; and since caesium 
reacts with water more vigorously than lithium, it, similarly, 
has a higher solution pressure than the latter element. 

It is well known that this solution pressure of zinc expresses 
itself in the form of electro-motive force when solution of that 
metal takes place in a simple galvanic cell; and according td 
modern electro-chemical theories'*^ the voltages which show\ 
the relative solution pressures of the metals are appropriately \ 
measured by the potential differences established between ^ 
metals and their own salt solutions at molar dilution. 

The following are a few of the values which have been thus 
observed; the sign shown is that assumed by the metal. 

MginMgS 04 ^ — 1-55 volt 
Zn „ ZnS 04 -- - 0-76 „ 

Cd „CdS04 = - 0-40 „ 

Fe „ FeS 04 = ~ »» 

Cu „CuS 04 - + 0-34 „ 

Ag „ Ag2S04 - H 0-80 ,, 

Whilst exact values have not been obtained in all cases, the 
following is the order of electro-potential of the principal 
elements: 

Metals: Cs, Rb, K, Na, Li, Ba, Sr, Ca, Mg, Al, Cr, Mn, Zn, Fe, 
Cd, Tl, Co, Ni, Sn, Pb, H, Sb, Bi, As, Cu, Hg, Ag, Pd, Pt, 
Au, Ir, Rh, Os. 

Non-metals: Si, C, B, N, Se, P, S, I, Br, Cl, O, F. 

This order represents also, as regards the metals, the relative 
power of displacing other metals from salt solutions; so that 
any chosen metal can precipitate from solutions of equivalent 
strength any metals that follow it in the list. 

The numerical values upon which the above series is based 
depend as regards the metals upon their tendency to pass into 


► For which works on electro-chemistry may be consulted. 
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solution as basic ions. Thus the series illustrates what may 
be called the metallic reactivity of the metals, or their true 
electro-positiveness. 

It is at once apparent, on consideration of this sequence, that 
^fcc/ro-positiveness or metallic reactivity towards acids or salt 
solutions is not always the same thing as chemical positiveness 
or basic nature, as judged by the properties of oxides. 

For example, whilst the alkali metals stand at the head of 
the list in both categories, arsenic and antimony, as shown by 
the properties of their oxides and other compounds, are less 
metallic — or more non-metallic — ^than copper or gold, although 
electrically they are more positive than these metals. Thus 
the electro-positive and base-producing properties of a metal 
are not always coextensive. Aluminium, for instance, is a 
powerfully electro-positive metal, but its base-producing 
properties are feeble. The term basigenic will be therefore 
employed when necessary to describe those characteristics of 
a metal which are expressed through the properties of its 
oxides and other compounds, and the term acidigenic will 
similarly be used to denote the acid-producing property of a 
non-metal. 

For the present, however, the agreement rather than the 
difference between the electrical and chemical properties of 
an element may be considered. Mention may be made of 
the following connected properties: 

(a) Power of mutual displacement and of combination under 
equivalent conditions. 

(b) Relative thermal effect of combination. 

(a) From a compound of an element with an electro-negative 
atom or group, a more electro-positive element will displace 
a less electro-positive. Thus, as before shown, zinc, which is 
more electro-positive than copper or silver will displace these 
metals from solutions of their salts, whilst copper will displace 
silver from solutions of silver salts. And conversely, from a 
similar compound, a more electro-negative will displace a 
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less electro-negative element. For example, bromine will 
displace iodine, and chlorine will displace bromine and iodine 
from solutions of metallic iodides, and bromides and iodides 
respectively. 

In general, combination will occur most readily between 
elements most widely separated in electro-chemical character, 
though this statement must be taken with certain limitation^. 
The actual result of a chemical reaction will depend on the 
conditions obtaining in the reacting system, and in a self-conV 
tained system may be shown to follow the law of mass actioni 

Thus, if chlorine and bromine were in competition for com-\ 
bination with a given amount of a metal the actual amounts \ 
of chloride and bromide produced would depend on the relative ' 
active masses, that is, the number of equivalents per unit 
volume, of the competing elements, as well as upon their 
relative affinities; bromide might even preponderate in the 
product if bromine was originally present in considerable 
excess of chlorine, though a proper interpretation of the quanti- 
tative data would show that the affinity of the chlorine was 
superior. Again, many of the oxides of the metals are reduced 
by heating with the less positive carbon. Here it must be 
remembered that one of the products of reaction (oxide of 
carbon) is removed from the system as soon as it is formed, so 
that the reversible reaction 

MO + C M + CO 

will proceed in the direction of the upper arrow to completion. 

(b) Generally speaking, the thermal value of a reaction will 
be greatest when the uniting elements are most widely sepa- 
rated in chemical character. Thus the molecular heats of 
formation of the halogen acids are: 

(H,F] - 389K,[H,CI] = 220K,[H,Br] - 84K,[H,I] = ~60K. 

There is sometimes, as in the case of the alkali chlorides, not 
much difference in the heats of formation in a series. Laurie 
has shown that these heats of formation vary periodically. 
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Since combination is most likely to occur between elements 
widely separated in the chemical series, it appears that, of 
several possible reactions, that involving the greatest heat 
evolution may be expected to take place. This conclusion 
was expressed by Berthelot in his “ law of maximum work ** 
or “ the necessity of reactions ”, which asserted that “ every 
chemical change accomplished without the addition of external 
energy tends to the formation of that body or system of bodies 
the production of which is accompanied by the development 
of the maximum quantity of heat This statement is open 
to criticism because it denies that a reversible chemical re- 
action can occur, whilst it is well known that many reactions 
may be reversed by altering the conditions of concentration 
and temperature of the reacting substances. 

Thus endothermic reactions may take place at high tem- 
perature, contrary to the provision of Berthelot *s law, though 
at absolute zero only exothermic changes occur, and the law 
then becomes true. 

When, however, the thermal value of a particular reaction 
is large, and the temperature not high, that reaction will 
probably take place, but great care must be exercised in 
interpreting the thermal data of a reaction, and definite 
knowledge of its conditions is necessary. 

Finally, some general points connected with the electro- 
chemical character of elements may be referred to. 

The most electro-positive are the most typically metallic 
elements; their oxides are basic, and their hydroxides soluble 
in water, and alkaline. They are the metals that produce 
true salts which are not decomposed by water and whose 
solutions are electrolytes. 

Passing to the less electro-positive elements, oxides or 
hydroxides presenting a dual character are encountered, these 
being basic towards strong acids, and acidic towards strong 
bases. Of these, aluminium hydroxide, Al(OH)3, is a good 
example. Such oxides or hydroxides form salts which are 
more or less readily acted on by water, yielding basic salts 
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or even the hydroxides by hydrolysis; thus ferric chloride 
and the acetates of iron and aluminium are all hydrolyzed. 

Fe(C*H302)3 -f 2 H 2 O FeCCaHaOa) (OH)^ + 2 HCbH808. 

A1(C2H302)3 -f sn^O Al(OH)3 + 3 HC 2 H 3 O*. 

With such metals, the character of the oxide is often deter- 
mined by the proportion of oxygen present, that is, by the 
operative valency of the metal. Thus, while chromium forms 
the positive trivalent ion Cr***, sexivalent chromium appears 
as a constituent of the negative chromic acid ion CrO/. \ 

Finally, the electro-negative elements whose oxides ard 
acidic yield acids as hydroxides. Chlorides of these elements^ 
are not salts; they are in general distinguished by volatility, 
by the facts that they are not acted on by strong sulphuric 
acid, and that water decomposes them, yielding hydrochloric 
acid and the corresponding oxyacids of which they are the 
chloranhydrides. 

It has been observed previously that clectrovalent and co- 
valent links are associated with the above distinctive proper- 
ties of the molecules in which they are present. It has been 
explained also how ion formation (electro-valency) arises in 
elements which are near to an inert gas structure, electro- 
positive elements reverting by loss, and electronegative ele- 
ments advancing by gain of electrons to an inert gas structure 
in their ions. Atoms of electronegative nature unite by 
covalency. Nevertheless, many electropositive elements form 
covalent compounds and the conditions when electrovalency 
gives place to covalency must now be considered. 

According to Fajans, two oppositely charged ions in close 
proximity will exert a mutual effect on the electron systems, 
for these are not rigid, but may be deformed or distorted to 
a degree depending on the charges and volumes of the ions. 
With great distortion the clectrovalent link passes into co- 
valency. 

For simple negative ions, whose charges never exceed two, 
expansion of the electron system occurs in their formation, 
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so that the outer electrons are less under the control of the 
positive nucleus, being thus susceptible to distortion or even 
to removal to the extent required for covalency. 

Positive ions of high charge and small volume exert a 
greater distorting effect on negative ions, with increased 
possibility of covalency. Indeed, a high charge can only be 
maintained if the ionic volume is high; with low volume the 
tendency to recapture electrons and form covalent links is 
great. 

The conditions deciding which kind of valency may appear 
are summed up in Fajans^ Rules: 

Elcctrovalency Covalency 

Low positive charge. High positive charge. 

Large cation. Small cation. 

Small anion. Large anion. 

The table below shows the atomic volumes of the alkali 
metals and their atomic and ionic radii in Angstrom units 
(Goldschmidt, 1926). 



Li 

Na 

K 

Rb 

Cs 

At. Vol. 

11-8 

22-9 

45-3 

66-2 

704 

At. Rad. 

1-56 

1-86 

2-23 

2-36 

2-55 

Ion. Rad. M*^ 

0-78 

0-96 

1-33 

149 

1-65. 


It will be observed that increase in magnitude follows 
increasing atomic number and electropositive character from 
lithium to caesium; thus, all these values show an important 
connection with chemical properties. 

In accordance with Fajans’ rules electropositive character 
appears only in elements in lower valency states, though with 
a small anion it may be induced in higher valency states; 
thus SnF 4 is probably ionized but SnCl 4 is covalent. The 
weakly electropositive character of elements in sub-groups 
IB and IIB follows from their low atomic volumes. It follows 
also that co-ordination should occur most readily with smaller 
positive ions of high charge as, for example, in hydrates and 
ammines of the Werner type. 

Ionic magnitudes are important in crystal structure; infor- 
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mation on this must be sought elsewhere. Nevertheless the 
results obtained from the X-ray analysis of solid structures 
are valuable for the light they shed on ionic and molecular 
constitution, and will be frequently used. 

From time to time mention is made in this book of iso- 
morphism illustrating similar valency and position of the 
structural units, as, for example, in the groups: 

KMn04 CaCOa Al^O^ K2SO4 
KCIO4 MnCOg Cr^Oa K2Se04 
FeCOa Fe^Oa K 2 Mn 04 . 

It is found, however, that isomorphous structures depend 
more on the radius ratio of the ions and the extent of theiA 
deformation or polarization by neighbouring atoms or groups,^ 
than on valency similarity. (See also Chap. I.) 

When mixed crystals are formed the absolute size of the 
interchangeable units must correspond fairly closely. 

The manner in which the chemical and electrical character- 
istics of the elements vary in the periodic classification may 
now be examined. The classification adopted in this book 
for the comparative study of the elements is that proposed 
by Mendeleeff, since it allows more ready comparison of 
elements which for valency reasons are found in the same 
group. Nevertheless the relationships of elements in series 
are important, and for these reference may be made to the 
extended table at the end of this book. 

Variation in Periods , — Starting from the alkali metals, the 
change in the first two periods is regular from basigenic and 
electro-positive to acidigenic and electro-negative. In the 
first period (Series 2) lithium is the most electro-positive, 
fluorine the most electro-negative element, beryllium is less 
electro-positive than lithium and more electro-positive than 
boron, and so on. 

Similarly with the second period, sodium to chlorine. At 
the end of each period there is an abrupt change from negative 
to positive — if the members of the helium group are ignored. 
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What is true for the first two short periods is also generally 
true for the succeeding long periods of seventeen elements; 
secondary periods are, however, discernible. A decrease in 
electro^positive character takes place from potassium through 
calcium and scandium to titanium and vanadium, which are 
somewhat electro-negative and acidigenic, their oxides yield- 
ing weak acids and their chlorides being volatile; chromium 
and manganese, and to a less extent iron, show a dual character, 
yielding both basic and acidic oxides; copper, though forming 
no acidic oxide, is less electro-positive than zinc, whose 
hydroxide nevertheless dissolves in alkalis. From gallium 
electro-negative and acidigenic characters increase through 
germanium, arsenic, and selenium to bromine. The elements 
of the two next long periods show similar relationships. 

Each long period is characterized by the inclusion of a 
series of transition elements, each series ending with an 
element in Group VIII, or possibly with one of the elements 
comprising Group I B. The triads of Group VIII were 
formerly designated transition elements, but they really form 
part of these extended series. 

It may be noted that transition elements possess high 
melting-points, the only other elements having comparable 
values being: 

Be si C 

M.P. 1278° 1468° 3800°. 

Each transition element forms several oxides, the highest 
corresponding to the group valency (neglecting peroxides). 

In the first long period the series; 

Ti V Cr Mn Fe Co Ni 

is characterized by the gradual emergence of stable bivalency 
and corresponding salts, maximum stability being shown in 
nickel. 

Transition elements in the second and third long periods 
may display bivalency, but with more difficulty and not 
associated with saline character in the corresponding com- 
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pounds. Thus columbium, tantalum, molybdenum, and 
tungsten form “ bivalent chlorides of the type (XCl2)3. 
Normal bivalency appears in Group VIII elements. 

In elements of the rare earths the dominant valency of 
three is associated with basigenic character. 

It is to be noted that the members of the B sub-group are 
always less electro-positive than the corresponding members 
of the A sub-group. Thus zinc is less electro-positive th^ 
calcium, arsenic than vanadium, bromine than manganese. 

Variation in Groups , — ^The variation in character from 
member to member of a group is perhaps one of the moa 
valuable regularities revealed by the periodic classification! 
affording, as it does, the key to the systematic study of a\^ 
group. This variation is from less to more electro-positive, ' 
with increase of atomic number in every group and sub- 
group with three exceptions, these being the eighth group, 
and sub-groups I B and II B. Thus in Group I A of the 
alkali metals, lithium is the least and caesium the most electro- 
positive; and in Group VII B of the halogens, fluorine is 
the least and iodine the most electro-positive, or fluorine the 
most and iodine the least electro-negative. 

The exceptional relationships of the elements of the eighth 
group and the sub-groups I B and II B are connected with 
the feeble reactivity of these elements and the corresponding 
ease with which they are separated from their compounds. 
And since this reactivity diminishes with increase in atomic 
number, so that the elements osmium, iridium, platinum, gold, 
and mercury are the most easily reducible of the metals, it 
follows that these metals are also among the most electro- 
negative; for, as before observed, metallic electro-negativeness^ 
as indicated by position in the electro-potential series, is 
identical with metallic inertness. If gold is accepted as the 
most electro-negative metal, excepting Ir, Rh, and Os, sub- 
group I B being the sub-group in which metallic inertness is 
most highly developed, the relative positions of the six metais 
Cu, Hg, Ag, Pd, Pt, Au 
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in the electro-potential senes are not inconsistent with their 
positions in the periodic table. 

The diagram in Table II, constructed by Abegg,* shows 
approximately the periodic variation of electro-positiveness 
with atomic weight. The exceptional relationships of the 
elements of the eighth group are shown on the right after 
the intersection of the three upper curves, and those of the 
elements of Groups I B, II B, and possibly III B by the three 
ascending curves on the left, which, it will be observed, inter- 
sect before the fourth group is reached. 

Thus there is in the periodic chart a region comprising 
Group VIII and sub-groups I B and II B, where chemical 
inertness and corresponding electro-negativeness are the chief 
characteristics, and these characteristics increase with rising 
atomic weight in these groups. When the chart (Table II) 
is on a cylinder this region is diametrically opposite to that 
occupied by the no-valency elements of the helium group. 

The relationship of electro-positiveness to basigenic pro- 
perties within these groups must however be discussed. It 
is within this region that the two properties appear not to be 
coextensive. Probably iron, cobalt, and nickel are more basi- 
genic than the following elements of the eighth group, as they 
are more electro-positive; but whilst silver is more electro- 
negative than copper, it is nevertheless also more basigenic, 
since its oxide shows a faintly alkaline reaction with water, 
and its salts, in contradistinction to the cuprous salts, are 
stable towards water. But cadmium, although less electro- 
positive, is more basigenic than zinc, since its hydroxide is 
not dissolved by alkalis, and its salts are not so easily hydro- 
lyzed as those of zinc. 

It has been supposed that Zn(OH)2 does not form a true 
compound with NaOH, but that alkali merely causes the 
Zn(OH)2 to assume the colloidal state, and thereby aids the 
solution of zinc by water; nevertheless solid zincates have 
been obtained. 


• Zeit. anorg. Ckem. 39, 367 . 



Table II 



Gradation of Electro-Potential in the Periodic System. (After R. Abegg.) 
Copied by permission from Zeit, anorg* Chem,, 39 , 367. 
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It may further be observed that in all other groups but 
those just considered, the increase of basigenic — or electro- 
positive — ^properties is directly connected, as far as this is 
possible, with the loss of acid-producing, that is acidigenic, 
properties, this being particularly noticeable in the fifth group. 

In these exceptional sub-groups, however, there is no 
appreciable development of acidigenic with electro-negative 
properties; so that gold, one of the most electro-negative 
metals, does not form stable acids, whilst arsenic, which is far 
less electro-negative, is far more acidigenic, forming well- 
defined acids. Possibly a conflict between these two ten- 
dencies — ^the tendency towards chemical inertness with electro- 
negativeness, and the tendency towards acidigenic properties, 
also combined with electro-negativeness — may account for the 
anomalies noticed in these exceptional sub-groups, as, for 
example, in the case of cadmium and zinc. 

From what has been said, it will now be seen that the 
diagonal drawn from lithium in the tabular arrangement. 
Group VIII being excluded, approximately divides the ele- 
ments in such a way that those in the lower section are the 
more electro-positive or basigenic, and those in the upper 
section the more electro-negative or acidigenic in character; 
this being connected with the fact previously observed that 
the elements of the B or odd sub-groups are more electro- 
negative than their congeners in the A or even sub-groups. 

Valency , — ^The maximum valency as shown in hydrogen, 
fluorine, chlorine, and oxygen compounds varies periodically. 

Hydrogen Valency , — ^Hydrides are of three kinds: solid 
ionized hydrides of powerful metals, e.g. LiH, NaH, KH, 
CaHj, BaHg, which are decomposed by water, volatile hydrides 
of non-metals and metalloids, and the solid solutions or alloys 
formed by transition elements, including the rare earth ele- 
ments. Boron and silicon form several and carbon many 
hydrides; boron appears to exceed the group-valency in its 
hydrides, e.g. B2He, whose structure will be dealt with later. 
In Group IV the typical hydrides are CH4, SiH4, GeH4. In 



102 


INORGANIC CHEMISTRY 


Group V there are NHg, PHg, AsHg, SbHg; in Group VI, 
OHg, SHg, SeHg, TeHg; and in Group VII, FH, CIH, BrH, 
IH. 

Thus the hydrogen valency in the various groups is as 
follows: 

Group IV V VI VII 
4 3 2 1; 

clearly showing the periodic nature of this property, / 

The stability of the hydrides increases from IV to Vil. 
This is not well shown by the hydrides of the non-metalKc 
elements of Series 2, but is evident from a comparison of 
those of Series 3, SiH 4 , PHg, SHg, CIH. This is in accordance 
with the development of non-metallic properties in passina 
along the series. In this connection it may be remarked 
that it is only the relatively non-metallic elements of the 
odd series, or the B sub-groups, in the long periods which 
form stable, volatile, alkyl compounds. 

Halogen Valency , — In general fluorine realizes the highest 
valency of the element with which it is combined, and the 
fluorides are often more saline than the corresponding chlorides. 
This may be attributed to the small size of the fluoride ion. 

The periodic nature of valency is aptly shown in the series, 
taken in group order: 

LiF BeFa BFa CF4 PF5 SFe IF, OsFg 

To the fluorides SFg, IF, (and ReF,), and OsFg, there are no 
corresponding chlorides. 

Chlorine Valency , — ^The highest chlorine compounds of the 
respective groups are represented by the following types: 

Group I II III IV V VI VII VIII 

Type XCl XCb XCI3 XCI4 XClg XCle XCI5 XCI4 

In Group V the form XCI3 and not XCI5 is the more stable; 
in Group VI the form XClg is represented only by WClg, the 
type XCI4 being more typical. In Group VII the form XCI5 
occurs only in ReCl 5 , in Group VIII the tetrachloride is the 
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highest form, and in Group I the type XCl is departed from 
in CuClg and AuClg. A periodicity nevertheless exists. 

Iodides generally exhibit a lower valency than the group 
valency, hence the existence of Tal^ is remarkable. 

Oocygen Valency . — ^The term “ oxygen valency ” refers to 
that valency displayed in the highest typical oxide, by which 
must be understood the highest oxide in which each oxygen 
atom is united only to the nuclear atom or atoms of the second 
element; as distinguished from the peroxides of higher oxygen 
content, in which linkages of oxygen atoms to one another is 
found, as in BaOa and SgO,. 


O SO2 

Ba-H-[0— O]'; 1 

O SO2 


Oxides of the type XgOg, for example, are of at least two 
kinds: refractory metallic oxides, e.g. AI2O3, CrgOg, 1*6203, 
and volatile oxides of non-metals and metalloids, e.g. N2O3, 
P2O3, AS2O3; whilst B2O3 and Bi203 appear to be inter- 
mediate in character between these two. The metallic oxides 
are probably formed by the exercise of electrovalency; i.e. by 
the transfer of electrons from the metal to oxygen, with the 
formation of ions thus, e.g.: 

2Ar + 3 o: = 2LA1J + 3 [:o:J 


Such oxides do not form molecules in the solid state, but, as 
revealed by X-ray crystal analysis, possess structures where 
oxygen atoms or ions are disposed spatially round the other 
atom. In AI2O3, for example, each A 1 atom has 6 oxygen 
atoms in octahedral disposition round it. This composite 
structure reduces to the empirical formula, AI2O3, which is a 
typical oxide and the expression of the tervalency of aluminium. 

For comparison, consider the oxide N2O8 which volatilizes 
without decomposition when dry. This molecular formula 

(d170) * 
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contains five atoms, which provide a total of 2 x 5 + 3 x 6 
~ 28 electrons, since the N atoms provide 5, and the O atoms 
6 electrons each. If, however, each atom were to be sur- 
rounded separately by an octet of electrons 6 X 8 = 40 
electrons would be required. Consequently there must be 

in the molecule — 6 bonds each consisting of a 

JL 

duplet of electrons. j 

The formula may therefore be written: 

O • O • 

o=N“N=o or :b::N:N::o: 

Such a formula, however, represents an unsalurated condition; \ 
and, as a matter of fact, the molecule of nitrous anhydride 
is N 40 e, which may be represented thus: 


0 

1 

0«N-N-0 

I I or 

0-N-N=0 
I 

O 


:o: 

:b::N:N:b: 

:b:N:N::o: 

t • • • • • 

:o: 


An alternative formula, which is perhaps preferable, because 
it does not represent contiguous nitrogen atoms, is: 

o-N— o— N-o, or :b::N:b:N::b:; 

In this case the double molecule may be constituted somewhat 
similarly. Indeed, the substance may be tautomeric and exist 
in the two forms; a certain mobility of structure being indicated 
by its blue colour. The nitrogen valency here is three, the 
group valency being five as in the typical oxide N 2 O 5 : 

: 0 : : 0 : 

:6:N:b:N:b: 

The following oxides, taken in group order, are typical: 
Na2C» AI2O3, Si02, P2O5, bOg, GI2O7, OSO4. 
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Thus oxygen valency rises continuously from 1 to 8, 

Group I II III IV V VI VII VIII 

Oxygen valency 1 2 3 4 5 6 7 8, 

though from phosphorus onwards lower oxygen valencies 
likewise appear. 

The degree of hydroxylation of which these oxides are 
capable is instructive. 

Sodium and magnesium oxides form the hydroxides NaOH 
and Mg(OH)2; the latter, however, is less stable than NaOH, 
being decomposed at a low red heat, and not being formed by 
direct combination of the oxide with water. Al(OH)3 is more 
unstable than Mg(OH)2, and loses water on exposure to the 
air; the aluminates, too, are chiefly meta-salts. Si(OH)4 
probably exists in dilute solution, and certain ortho-silicates 
corresponding to it are known; on decomposition it easily 
yields SiO(OH)2 and (Si02)n. P(OH)5 is unknown, and the first 
anhydride, PO(OH)3, easily loses water, forming P203(0H)4 
and P204(OH)a, the latter of which, however, is stable at a red 
heat, S(0H)3 and SO(OH)4 are both unknown, and the meta- 
acid S02(0H)2 is easily broken up into SO3 and water. 

The halogen oxy acids derived from XgOg are monobasic, 
corresponding to X02(0H), but salts corresponding to 
I0(0H)5 are known. This higher hydroxylation is also shown 
by elements preceding iodine in the same period. Thus 
telluric acid is Te(OH)3, potassium antimonate is K[Sb(OH)o], 
and potassium stannate is K2[Sn(OH)J. 

The highly hydroxylated stannate ion, for example, may 
arise from stannic hydroxide thus: 

Sn(OH)4 + 20 H- - [Sn(OH)e]“, 

or it may be due to dissociation of two molecules of water of 
hydration which furnish the corresponding acid thus: 

Sn(H20)*(0H)4 H2[Sn(OH)J. 

Lastly, OSO4 appears incapable of direct hydroxylation, 
since its solution in water is neutral in reaction. 
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It will be observed that a gradation is manifested by these 
oxides as regards power of combining with water, and that, 
for atoms of low atomic number, the power of hydroxylation 
reaches a maximum with Si(OH)4, and diminishes, like power 
of combining with hydrogen, through the fifth, sixth, and 
seventh groups to the eighth group. With atoms of higher 
atomic number, however, higher hydroxylation may occur. 


CHAPTER III \ 

OXIDES, HYDROXIDES, AND ALLIED COMPOUNDS \ 

Oxides, or binary compounds of oxygen and other elements, \ 
are known for all elements except the inert gases. 

On account of the universality of oxides, and of their simple 
relationships to the basic and acidic hydroxides, a study of the 
characteristics of the oxides of a group is of great value for 
comparative purposes. 

In the periodic classification the typical oxide of the group 
is the highest oxide which displays basic or acidic character; 
for example, in Group II the oxides MO, corresponding with 
the salts MXg, in Group VI the oxides MO3, corresponding 
with the acids HgMO^, are the typical oxides. Higher oxides, 
such as MO2 in Group II, and M2O7 in Group VI, are per- 
oxides. 

Oxides are classified in four main groups: basiCy acidiCy 
neutraly and peroxides. 

Bask oxides differ in character according to the degree of 
electro-positiveness of the metal from which they are derived. 
The oxides of the most electro-positive elements, such as the 
alkali metals, are very stable, whilst those of the electro- 
negative metals, according to the electro-potential series, such 
as mercury, silver, and gold, are unstable, being easily decom- 
posed by heat into metal and oxygen. The more strictly 
chemical differences, whose significance from the point of 
view of classification is greater, are shown in the manner of 
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formation and properties of the hydroxides, as will appear 
later. 

Acidic oxides are formed by non-metallic elements, and 
their hydroxides are the oxyacids. 

It must, however, be clearly understood that the terms 
basic and acidic are strictly relative. There is a class of 
oxides and hydroxides which exhibit both properties. These 
are the oxides of elements of ill-defined chemical property, 
which occur at transition points between basigenic and acidi- 
genic elements in a series or group. As an example may be 
quoted the hydroxide of aluminium, which is soluble in caustic 
alkalis, and towards which it behaves as an acid; thus: 

A1(0H)3 + NaOH = NaAlO^ + 2 HA 

Towards strong acids, however, it behaves as a base; thus: 

AK 0 H )3 + aHCl = AlCls + BHOH. 

Such a salt as an aluminate easily sufifers hydrolysis. Thus 
aluminic resembles silicic acid in not forming a stable am- 
monium salt, so that ammonium chloride added to a solution 
of aluminium hydroxide in alkali causes its precipitation. 
Zinc and chromic hydroxides dissolve in cold alkalis, but 
are reprecipitated on boiling. There is some doubt, more- 
over, whether salts are formed, since these hydroxides may 
assume the colloidal state, but in the latter case definite 
chromites exist to attest the acidic character of chromium 
sesquioxide. 

Neutral oxides are such as form neither basic nor acidic 
hydroxides, nor yield such oxides by loss of oxygen. Water, 
carbon monoxide, nitrous and nitric oxides, are examples of 
such compounds. Carbon monoxide and nitrous oxide, how- 
ever, are formed from formic and hyponitrous acids respec- 
tively, by loss of water, so that, although they do not unite 
with water to form these acids, their relation to them is such 
that they cannot be considered neutral oxides in the narrower 
sense. 
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Suboxides, such as Ag40 and PbgO, may, however, be said 
to belong to this class, though not perhaps the tetroxides 
RUO4 and OSO4, which although yielding neutral solutions 
in water appear to form unstable compounds with alkalis. 
The latter oxides have been regarded as both acidic and 
basic peroxides, since they yield acidic and basic oxides by 
loss of oxygen. 

A peroxide^ in the strict sense, is an oxide containing mofe 


as well as bismuth pentoxide, are not peroxides in the sense or 
the definition, because their oxygen content does not exceed 
that of the typical oxides, which are Mn207, Pb02, and BigOg 
respectively. NagOg, KO2, Ba02, S2O7 are, however, true 
peroxides. When, however, the first-mentioned oxides are 
attacked by acids, they form salts of the lower oxides MnO, 
PbO, and BigOg respectively. 

Some typical reactions of certain of these oxides are here 
set forth: 

I Na^Oa + 2H,0 - 2NaOH + H.O 2 

\ 2Na,02 + 2HsO = 4NaOH + O., 

2Mn02 + 2H2SO4 = 2MnS04 + 2H2O + O* 

MnOa + 4HC1 = MnCh + 2 H 2 O -f Ch 

BiaOs + lOHCl - 2BiCU + SHgO I 204. 

The reaction with hydrochloric acid is an oxidation, the 
amount of chlorine evolved being equivalent to the oxygen 
present in the oxide in excess of that in the basic oxide cor- 
responding to the salt formed. It may sometimes be assumed 
that a chloride is first formed equivalent to the oxide, and that 
this subsequently evolves chlorine. Such an assumption is 
only admissible when the higher chloride is known to exist. 

With sulphuric acid and MnOg, the sulphate ion is not 
oxidized: instead, oxygen is liberated. On the other hand, the 


oxygen united to a certain quantity of an element than (is 
contained in its highest typical oxide according to the periodic 
law. Basic and acidic peroxides exist. In this definition np 
account is taken of the various reactions in which an oxide 
may participate. For instance, manganese and lead dioxides) 
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reaction of NagOg with water or with dilute acid, whereby HgOg 
is formed, shows the true relationship between these two sub- 
stances. Sodium dioxide is correctly designated as sodium 
peroxide. 

The properties of acidic peroxides are at first sight more 
complex, but are only apparently so. An acidic peroxide is 
one, like the anhydride of perchromic or persulphuric acid, 
containing a higher oxygen content than the highest typical 
oxide of the group, so that by loss of oxygen in presence of 
water a typical acid is formed. Thus persulphuric anhydride 
readily decomposes with water in the following way: 

2S2O, -f 4 H *0 - 4H2SO4 4 - Og. 


Permanganic anhydride, Mn 207 , also yields a lower oxide, 
and oxygen, though not so readily as S 2 O 7 . It is not, however, 
an acidic peroxide, because it is a typical oxide of the seventh 
group, and possesses normal properties as an acidic oxide; 
also, as will be seen later, its constitution differs essentially 
from that of S 2 O 7 . 

Mendel^eff suggested a manner of classification of such 
oxides on structural grounds. The dioxides of lead and man- 
ganese, and bismuth pentoxide, represent one type, and are, 
called polyoxides'j thus: 

O O 


0=Pb=0, 


0==Mn=0, Bi— O— Bi 



On modern views MnOg and PbOg contain no discrete 
molecules, as these formulae might suggest, but are three- 
dimensional, ordered arrays of negative oxide ions, 0“, and 
positive metal ions. The solid structure of BigOg is not known 
with certainty. 

The peroxides of the metals of Groups 1 A and II A and B 
conform to a second type and contain the ions or O’J ; in 
the latter case they are termed superoxides (p. 156). These 
peroxides are now formulated thus: 

Na+[0— 0]Na+ Ba++[0-~0]. 
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Mendel^eff represented sulphur heptoxide, also, as a per- 
oxide — 

o— s==o 


I ^ 

o— s=o 


but manganese heptoxide as a polyoxide, thus: 

0\ /O 

O Mn-O— Mn O, 

o/ \o 

since it does not contain an oxygen chain. 

CLASSIFICATION 


Group. 


B. 


III. 


IV.J 


V.i 


Basic. 


/Li,0. NasO. K,0,\ 
\ Rb,0, CsgO f 

■ CujO, CuO, AgsO, \ 
(A^), AuaO / 

;;aO, SrO, BaO 
jMgO, ZnO, CdAl 
\ CdO.HgA HgO / 
ScaOs. YaOf, LaaOa 

T1,0, TlaO, 

{ ZrOa, ^ 

VaOs. V.O, 

BiaO, 

( CrO, MoO, MoiOa, 

I (WO,). UO, 

MnO, Mn,0, 

(FeO, Fe,0,, CoO,\ 
{ Co,Oa, NiO / 
RuO.RhO.PdO 

OsO, [IrO], PtO 


Basic and Acidic. 


BeO, ZaO 

AlaO,. OBfOa, In,Oa 

TiO, 

GeO.SnO.PbO 

v.o*,v,o, 

Sb,Oa 

Cr,0,t bdoO,. UO, 


RuOj, RhaO,.! 
RhO„ PdOj / 
qsaP„OsO„Ir,0„ J 


Acidic. 


IrO„ PtO, 


B,0* 

/(CO), CO,, SiO„\ 
\ GeOa, SnOs, PbO,/ 

CbaO,. 'I'aaO, 

f(NaO),NaO„NOa,*) 
N,0„ P 4 O,, PO,.*t 

I PfOiojASiOijAsaGa, i 
I SbaOa, (BiaO.) J 

CrOa, MoOa, WO, 

(MnOa), MnO,, MojOy 
/C1,0, CIO,,* ClaOa.l 
\ 1*0,, 1,0? / 

[FeOj], CoO,, NiOa 
[RuO,] .[RuaO,] .(RuOa) 
[OsO,], (OsO,) 


* Mixed anhydrides. Oxides in round brackets () belong to more than one type. 
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True basic and acidic peroxides are characterized by peroxy 
chains, and it is important to note that the valency of atoms 
or ions bonded thereto is not increased. Those normal acidic 
oxides which behave as oxidizing agents are polyoxides, and 
should not be called peroxides. 

The two types may be distinguished by their behaviour 
towards excess of water or dilute hydrochloric acid. A peroxide 
yields hydrogen peroxide as a characteristic product, thus: 

Na[0— 0]Na + 2HC1 = 2NaCl + H—O— O—H. 

A polyoxide, however, like lead or manganese dioxide, is 
usually not attacked by dilute acids; with strong sulphuric 


OF OXIDES 





Peroxides. I 

Neutral. 

Suboxides. 

Mixed. 


I 

Basic. 

Acidic. 1 

Neut, j 

HaO 

CuaO.AgjO 

O 

< 

Na,0„ KOt 

(AgO) 

j 

H,0, 




CaO,,SrOa,BaOa 
JMgO,, CdOa, 

1 ZnOa 






j Tip., ZrOa, 
\ CeOa, TL'hjO? 



(CO) 

PbaO 

PbjOj, PbjOa 


[SnOJ 


1 VaO. CbaO, 

\ Cba04,Taa04 






(N.O), NO 


SbaOa, UlgOa 

(Bi,Oa) 



(WOa) 

TeO 


/CiO.,,MoaOg, 

\ w.o,.u,o. 

} 

CiO*, UO4 
CrO, 

Sj 07 




MnaO«(MnOs) 

(MnOa) 





I e^Oa, COsOa 

NiaO, 



(RuOi) 

Pd»0 





(OsOa) 







Oxides in square brackets [] do not exist, but their derivatives are knovm. 
(D170) 
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or hydrochloric acid oxygen or chlorine is evolved, though 
of course the same is true of the action of a strong acid on a 
peroxide. 

The mechanism of the evolution of oxygen or chlorine is, 
however, probably different in the two cases. 

With a polyoxide, e.g. Mn 02 , and strong HjjS04 or HCl, the 
following reactions take place: 

20=Mn=0 f 2H2SO4 - 2MnS04 f 2H2O + O, j 

I 20=Mn=0 + 8HC1 - 2MnCl, + Cl, + 4H26 
\ 2MnCl3 ~ 2MnCl , + Ck 

or 

MnO, + 4HC1 ^ MnCla -f Cl, + 2H2O; 
and with a peroxide 

BaOa + II.SO^ BaS04 + Hfi.; 2H^O. 211,0 f O, 

BaO* + 2HC1 - BaCh + H2O,; H.,02 ll^O + O 

2HC1 + O H2O + Cl, 

The well-known methods for the preparation of hydrogen per- 
oxide depend, therefore, upon the employment of peroxides, 
under conditions of temperature and dilution that preclude 
the decomposition of the hydrogen peroxide. 

In addition to the above classes of oxides, certain compound 
oxides are known which are either mixed anhydrides or mixed 
valency oxides. Mixed anhydrides are acidic oxides which give 
rise to two acids when they react with water. Such oxides are 
NO2 and (P02)n, which produce nitrous and nitric acids, and 
phosphorous and phosphoric acids thus: 

2NO2 + H2O = HNO2 + HNO3 
2 P 02 + 3H2O == H«P03 + H3PO4. 

CIO2, also, is of the nature of a mixed anhydride, which, 
though not reacting with water, gives chlorite and chlorate 
with alkali: 

2C10a H- 2NaOH - NaClO. + NaClO., + HgO. 

Mixed valency oxides contain the same metal in two valency 
states. 
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When PbaOg and PbgO^ are each treated with dilute nitric 
acid they yield soluble lead nitrate and insoluble PbOg, which 
suggest constitutions based on PbO, PbOg and 2 PbO, PbOg. 

Because of the superior acidity of the higher over the lower 
oxide of a metal, these oxides were formerly regarded as lead 
meta- and lead ortho-plumbate, Pb(Pb03) and Pb2(Pb04), 
respectively. It is now known that no plumbate ions exist in 
their solid structures and that they must be formulated as 
Pb(II) Pb(IV)03 and Pbo(II) Pb(IV)04. 

Other examples of this kind are known. 

The facts discussed in the above paragraphs are set forth in 
the scheme of classification of oxides on pp. 110 , 111 . 


HYDROXIDES 

Hydroxides are compounds of oxides with water, formed by 
the appropriation of the elements of water in the following 
manner: 

MO + H--OH - M(OH)*. 

The reaction may be reversible with rise of temperature, the 
degree of reversibility determining the stability and definite- 
ness of the hydroxide. 

Definite hydroxides are to be found amongst the elements 
of the extreme groups, which possess marked basigenic or 
acidigenic characters. It is these hydroxides which are capable 
of isolation in the free state, and which display the greatest 
stability when heated. The oxides of the alkali metals, for 
instance, readily combine with and powerfully retain water, 
with which they form hydroxides freely soluble in water. The 
oxides of the alkaline earth metals form hydroxides which are 
less stable than those of the alkali metals, and which retain 
their water less tenaciously. Magnesium hydroxide is not 
formed from the oxide by obvious slaking; it is slightly 
soluble in water, giving an alkaline reaction. The hydroxides 
of such metals as iron and zinc are not formed directly from 
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the oxides, which are practically insoluble in water and give 
no alkaline reaction. These hydroxides may, however, be 
obtained by precipitation, and the basic properties both of the 
oxides and hydroxides are shown by their power of dissolving 
in and neutralizing acids. 

On passing to the non-metallic elements, chemical activity of 
the oxides and stability of the hydroxides are again met with. 
Oxides of these elements slake with or are soluble in waterj 
forming hydroxides whose solutions are acid. I 

Thus the hydroxides of Groups I A and II A are alkalis,^ 
that is, they are strong bases, soluble in water; whilst the ' 
hydroxides of Groups VII B, VI B, and V B are the strong 
oxyacids. 

The hydroxide corresponding to an oxide MO^ is theoreti- 
cally M(OH)2n, each doubly linked oxygen atom being repre- 
sented by two OH groups. With basic oxides this maximum 
hydroxylation is usually realized; thus the oxides Li20, BaO, 
AlgOg correspond with the hydroxides LiOH, Ba(OH)2, 
A1(0H)3. Hydroxides of the central members of series of 
the periodic classification are unstable, especially those of 
the heavy metals of the eighth group and of silver, gold, and 
mercury. In some cases intermediate stages of hydroxylation 
are known. Aluminium hydroxide, for instance, easily loses 
water in the following stages: 

A1(0H)3 — ► AhOCOH), — ► Al20,(0H), AUO,- 

the stage (AlO-OH)u exists in a- and y-forms, diaspore and 
boehmite, which are, respectively, isomorphous with two forms 
of (FeO*OH)n, goethite(a) and lepidocrocite (y). 

Hydroxylation of an acidic oxide is seldom complete. The 
theoretically possible basicity of the acid corresponding to the 
oxide M2O3 is three; to the oxide MOg is four; and so on. 
But, just as the maximum number of hydrogen atoms which 
can combine with an element is four, so, with one or two 
exceptions, the maximum basicity of an acid, as measured by 
the number of hydroxyl groups combined with a non-metallic 
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element, appears to be four. Tetrabasic silicic acid is known 
to exist, but it is very unstable, and proceeding in series the 
following are typical acids: 

Si(OH)4, P0(0H)3, SOgCOH)^, CIO3OH, 
which correspond with the hydrides. 

SiH4, PH3, SH2, CIH. 

Definite exceptions to this rule are furnished by periodic 
acid, I 0 ( 0 H) 5 , and by telluric acid, Te(OH) 6 . That iodine 
forms such a compound, rather than the other halogens, sug- 
gests that power of hydroxylation increases with increase of 
electro-positiveness in a negative group. Confirmation of this 
idea is found in the case of carbon and silicon, neither C(OH)4 
nor any of its inorganic derivatives being known. The non- 
existence of NO(OH)g, as compared with PO(OH)3, further 
illustrates this point. It must be observed, however, that the 
power of hydroxylation of a carbon atom is increased by 
the proximity of negative groups, for thereby the adjacent 
carbon atom is made slightly positive. For whilst H2C(OH)2 
does not exist, OC(OH)2 does, though it is unstable; and 
whilst CH8‘CH(0H)2 is unknown, CClg-CHO combines with 
water, forming CCl3*CH(OH)2. The degree of hydroxylation 
also depends largely on the relative sizes of the central atom 
and the oxygen atom or the OH group. Increase in atomic 
radius down a group permits the combination of more 
hydroxyl groups, provided that the atom has electrons avail- 
able to form the necessary covalent bonds. The radius-ratio 
permits complete hydroxylation in the case of tellurium, but 
I( 0 H )7 is not possible and OI(OH)5 is a compromise. Both 
structures possess an octahedral symmetry. Hydroxylation is 
a minimum for chlorine, which, like sulphur, seems to be 
restricted to union with four oxygen atoms. In the case 
of sulphur the basic salts Pb2S05(=Pb0, PbS04) and 
Hg3SOe(=2HgO, HgS04) exist because of factors which 
control the solid state, and are not to be thought of as 
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derivatives of the hypothetical acids, SO(OH )4 and S(OH)e, 
whose existence seems to be precluded by the radius-ratio. 

It may be observed that whilst hydroxylation is reduced to 
its lowest limits in the monobasic oxyacids of the seventh 
group, in the case of the typical oxides of the eighth group 
it is non-existent; osmium tetroxide, for example, seems in- 
capable of hydroxylation and therefore possesses no acidic 
properties. / 

In strict m)menclature the term ortho- should be reserved 
for the fully hydroxylated form of an acid. In practice it has 
been found convenient to apply it to the most highly hydroxyA 
lated salt-forming type. The relationships between the several\^ 
acids derivable from a single anhydride are best developed by 'y 
tracing their formation from the hypothetical fully-hydroxy- 
lated type by loss of water. Phosphoric anhydride should 
theoretically give P(OH )5 as the true ortho-acid; the highest 
known acid is PO(OH) 3 , and this is consequently known as 
orthophosphoric acid; it is intermediate between the true 
ortho-acid and metaphosphoric acid; thus: 

P(0H)5 - 0P(0H)3 0,P(0H). 


Similarly the series 

C1(0H)7, 0C1(0H)5, 02C1(0H)8, O^CKOH) 


shows perchloric acid to be in reality the third meta-acid, 
derived from hypothetical Cl(OH) 7 . As seen above, the com- 
pound 0 I( 0 H )5 exists. 

The term pyro- or anhydro- usually refers to the type of acid 
which results from dehydration of two or more molecules of 
the true ortho- or any intermediate form down to the meta-acid. 
Thus from I(OH )7 the following series of acids may be derived: 


I(OH), 

I(OH), 


I(0H)6 0I(0H)4 02l(0H)2 

^ -V ^ ^ 

KOH). of(OH)4 OsKOH)* 



the anhydride at last resulting. 



OXIDES, HYDROXIDES, ALLIED COMPONENTS 117 

Derivatives of numerous types of periodic acid are known, 
containing one or two iodine atoms per molecule. 

Pyrophosphoric acid H4P2O7 is the best-known acid of this 
class, its constitution probably being: 

OH OH 
0<-P— O— P->0. 

(!)h oh 

It is possible for more than two molecules of the ortho-acid to 
participate in this process of dehydration; polymeric meta- 
phosphoric acids thus result (q.v.). 

The simple B 2 O 3 molecule, 0=B — O — B— 0, does not give 
rise to a tetrahydroxylated derivative (H0)2B — O — B(0H)2: 
further hydroxylation occurs at the oxygen link and 2B(OH)3 
results. Tetraboric acid 2 BoOg, HgO, may be a derivath^ of 
the polymerized oxide B4O6, thus: 

H0-~B-=0->B— O— B<-0 B— OH, 

6 6 

a formulation which might explain its ready decomposition in 
water to give meta- and ortho-boric acids, HBO2 and HgBOg. 

Physical investigations, e.g, conductivity, electrometric 
titrations, and cryoscopic measurements indicate the following 
equilibrium for H3BO3 in aqueous solution: 

B(0H)3 ^ H[OB(OH)J BO/ + H 3 O + 

Heat or titration with alkali produce BO2 ion, whilst in solvents 
of weaker dissociating power the equilibrium is displaced to 
the left yielding compounds of the type B(OC2H5)3. 

As a weak acid, boric acid condenses to form polyborates 
containing up to twelve boron atoms. These salts in dilute 
solution yield mainly BOg ions and free boric acid. 

This instability and rapidity of hydration of complex borate 
ions, coupled with the fact that boron can exhibit a maximum 
covalency of four, as in [B(OCoH5)4]Na, leads to Hahn^s 
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formulation ( 1931 ) of these polyborates. For the production 
of borax or sodium tetraborate (also named diborate or 
pyroborate) we have: 

2Na[OB(OH)*]~+ 2H[OB(OH)J ^ Na,[OB[OB(OH)j8]“+ 2HaO. 

Sodium metaborate Boric acid 

The boron atom marked x shows a co-ordination number of 
four. 

It may be noted that X-ray analysis shows that the boraie 
ion (803)“ resembles the carbonate ion (CO 3)“ in the ci- 
planar triangular distribution of the oxygen atoms round the 
central atom: thus InBOs and ScBOg have the same structure 
as calcite, CaCOg. \ 

The study of solid calcium metaborate, Ca(B02)2 has\ 
produced evidence showing that the triangular (BOg)” struc- 
ture is evidently unstable and polymerizes by sharing oxygen 
atoms and giving a chain structure (BOg)^- 


O O 

1. 

^ V V 
i A 


We have here the reason apart from solubility considerations 
why precipitated borates are generally the meta- and not the 
ortho-salts. 

The gelatinous precipitate of so-called silicic acid, produced 
when acids act on alkali silicates, is an excellent example of 
the indefinite, unstable products which take the place of true 
hydroxides of the inner elements of the periodic table, par- 
ticularly in the long periods. Such precipitates age on standing 
or heating, becoming less reactive. Their reactions tend to 
be colloidal, and in particular, amphoteric character can 
scarcely be distinguished from peptization of a colloid by 
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acid or alkali. In some cases, as with silica gel, the dehydration 
curve (vapour pressure against water content) gives no satis- 
factory evidence of hydrate formation, the substance behaving 
as a colloidal agglomerate' of oxide and enmeshed water in 
varying proportions. Under controlled conditions of life- 
history, temperature, and water-vapour pressure, products can 
be produced which analyse to dubious hydrates, e.g. SiOgHgO. 
These indeterminate products are termed hydrous oxides to 
distinguish them from definite hydrates and hydroxides. 

For the most part these hydrous oxides, e.g. those of Si02 
and SnOg, are amorphous to X-rays, but on drying develop 
the oxide pattern only. 

The existence of a hydrous oxide does not preclude the 
possibility of hydroxide formation, for hydrous alumina may 
gradually form Ai(OH )3 and AIO(OH), both of definite struc- 
ture. Similarly, Wilstater (1928) considers that silicic acids 
from the mono- to the hexa-stage may exist in solution. 

As a weak acid, silicic acid gives rise to salts of great com- 
plexity. These are discussed more fully later. 

SULPHIDES 

Sulphides possess the same general structure as oxides, and 
may be classified like them into basic, acidic, neutral, and per- 
sulphides, representatives of each class occupying correspond- 
ing positions in the periodic classification. A sulphide is a 
binary compound of sulphur with a less electro-negative 
element; hence the compounds of sulphur with the more 
electro-negative elements oxygen and chlorine are not sul- 
phides of oxygen and chlorine respectively, but oxides and 
chlorides of sulphur. The less powerful electro-negative 
character of sulphur as compared with oxygen serves to 
account for the difference in properties between oxides and 
sulphides. 

The affinity of a less electro-negative element for oxygen 
will naturally be superior to its affinity for sulphur, whence 
follows the very general reaction for the conversion of a 
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sulphide into an oxide by heating or exposure to air, as 
illustrated in the mode of extracting many metals from their 
native sulphides. The reaction is determined by the affinity 
both of the metal and of sulphur for oxygen, as well as by the 
volatility of sulphur dioxide; it may result in oxidation to 
sulphate, as in the roasting of lead sulphide, and in the con- 
version of precipitated copper sulphide into sulphate by expo- 
sure in the moist condition to air. i 

The character of a sulphide may be predicted from ttiat 
of the corresponding oxide. A metallic sulphide, for instance, 
will yield salts and sulphuretted hydrogen by the action of 
acids, thus: \ 

K2S -f 2HCI 2 KC 1 + HgS, \ 

FeS -I- H2SO4 - FeSO^ + H2S. cf, FeO + H2S04 - FeS04 + H^O 

If the oxide is alkaline the sulphide will dissolve in water, 
forming a mixture of hydrosulphide and hydroxide. 

KjS + HsO - KSH + KOH cf. K^O f- H^O - KOH + KOH, 
CaS + HjO - or 2CaS + 2HjO - Ca(SH)2 | Ca(OH)j, 

If the oxide is feebly basic the sulphide will be decomposed 
by water, forming the hydroxide, with evolution of hydrogen 
sulphide. This is the case with aluminium and chromic 
sulphides of the type MgSy, which can neither be prepared 
nor exist in presence of water. Hence anmionium sulphide 
precipitates hydroxides from solutions of aluminium and 
chromic salts; thus: 

Al2(S04)3 + 6NH4HS - 2AI(SH)3 + 3(NH4)2S04, 
2A1(SH)3 + 6H2O - 2AI(0H)3 + 6HaS, 

and similarly with chromium. 

In the case of ferric iron the corresponding sulphide is 
formed by the action of hydrogen sulphide on the hydroxide, 
thus: 



2Fe(OH)3 4 - Fe^Sg + 6 Hfi; 
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but this IS gradually converted by excess of hydrogen sulphide 
into a mixture of di- and mono-sulphides, thus: 

FejSa FeSj f FeS * 

Many acidic oxides have, corresponding with them, sulphides 
u t*>an themselves. Thus CS^ is the thio- 

anhydride of thio-carbonic acid H.CSa, and dissolves in sodium 
sulphide solution, forming sodium thio-carbonate. 

The following reactions are therefore analogous: 

2NaOH 4 CO, = Na,CO, 4- H,0, 
aNaSH ^ CS, Na»CS, | H,S. 

Arsemous sulphide is likewise a thio-anhydride, and dissolves 
in ammomum sulphide, forming ammonium meta-thioarsenite: 
As,Sa 4 2NH4HS - •2NH4ASS2 4 HjS. 

If yellow ammonium polysulphide is used, a meta-thioarsenate 
IS formed: 

AiaSa -h (NHaljS, - 2NH4AsSa. 

When a hydroxide is employed to dissolve a sulphide an 
oxythiosalt results; thus with potassium hydroxide and alcohol, 
carbon disulphide gives potassium xanthate, 

SK 


CS, 4 KOU 4 CjHsOH 


OCaHs + 


and when arsenious sulphide dissolves in potash, a mixture of 
arsenite and thio-arsenite is produced; thus: 

2As,S 3 I 4KOH - KAsO, 4 :iKAsS, 4 2H,0. 

Sulphides of ^timony and tin behave similarly with alkalis. 

By the addition of hydrochloric acid to solutions of these 
thio- or mixed thio- and oxy-salts, the reaction is reversed and 
the sulphide is reprecipitated; thus: 


2 NH 4 A 8 S 2 [- 2HC1 

KAsO, -I- :JK.AsSa + 4HC1 


As,S, +2NH4C14H,S, 
2As,S, 4 4Ka 4 2H,0. 


• V. Rodt, Zeitsch. mem. Chfui. (iqi6). 29 , i, 422. 
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The less powerfully acidic properties of sulphides as com- 
pared with oxides are further shown by the easy decomposition 
of these thio-salts by acids. Few thio-acids indeed are known 
in the free state. 

The formation of superoxides by linkage of oxygen atoms is 
paralleled among the sulphides by an analogous power of link- 
age of sulphur atoms. The chain-forming ability of sulphur is, 
however, superior to that of oxygen; persulphides of the tVpe 
MgSn or MSn, for instance, of the alkali and alkaline eith 
metals, are easily formed from the simple sulphides by direct 
combination with sulphur, and these so-called polysulphidest- 
in reality supersulphides — often contain a larger proportion ^f 
sulphur than corresponds to oxygen in the superoxide. \ 

When sulphur is boiled with a solution of sodium sulphide 
the compounds NagSg and Na 2 S 4 are formed; similarly milk of 
lime takes up sulphur, forming CaSg and CaSg, and from solu- 
tions of these substances HgSg and HgSj are produced by the 
action of acids. 

There are no oxygen analogues of NaaS^, CaSjj, and H^Sg. 
At the same time it may be mentioned that there is no oxygen* 
analogue of the molecule of S^, of which calcium pentasulphide 
may perhaps be a derivative. 

The series of thionic acids, formulated on the general type 
Sic(S02*0H)2 where x — 1 to 3, further illustrates the same 
tendency to form chains, exhibited by sulphur atoms. Similar 
oxygen acids, Oa;(S 02 *OH) 2 , where x ^ 1 or 2, are known. 
They are pyro- and persulphuric acid respectively. 

HALIDES 

Halides, or binary compounds of the elements fluorine, 
chlorine, bromine, and iodine with the other elements, are 
formed by nearly every element, and are, therefore, like 
oxides, excellently adapted to serve as a basis for comparison 
of chemical properties. 

Direct union constitutes a general method of formation of 
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halides. Fluorine combines with every metal and most non- 
metals, at the ordinary temperature, and the readiness with 
which combination occurs between a halogen and another 
element decreases in passing from fluorine to iodine. 

The halides of elements giving exclusively basic oxides, that 
is, halides corresponding with basic oxides, are salts, and are 
distinguished clearly from halides of electro-negative ele- 
ments, that is, halides corresponding with acidic oxides. They 
are produced by the general methods for the preparation of 
metallic salts; that is, by the action of a metal, oxide or 
hydroxide, on a halogen acid, or by double decomposition. 
They are usually non-volatile solids, which are stable on 
heating, but are decomposed by strong sulphuric acid, with 
liberation of the volatile halogen acid. They are generally 
soluble in water, though insoluble in non-hydroxylic solvents 
such as ether, benzene, and chloroform. They undergo elec- 
trolytic dissociation in aqueous solution into ions of metal and 
halogen, and are recoverable unchanged from such solution on 
evaporation. 

These rigorous criteria are true in the fullest sense for the 
halides of the alkali metals, MX, alone; but they also apply 
with limitations to the metallic halides, MXg, especially to 
BaXg. 

The properties of a halide of a typically non-metallic or 
electro-negative element are essentially different from the 
above. Halides of this class are usually obtained by direct 
union of the elements, or, in the case of chlorides, by passing 
chlorine over a heated mixture of an oxide of the element and 
carbon. This is a method particularly useful for obtaining 
chlorides of the less electro-negative of the non-metals, as, for 
example, silicon. 

SiOg 4 2 C -f 2CI2 - SiCL + 2 CO. 

Typical non-metallic halides are stable when heated, but are 
easily volatile, often being liquids or solids of low melting- 
point. They are soluble in non-hydroxylic solvents, and are 
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unaffected by strong sulphuric acid; they have a pungent 
odour, and are decomposed by water, giving mixtures in 
solution of halogen acid and oxyacid corresponding with the 
oxide analogous to the halide. 

These properties are well illustrated by the chlorides of 
phosphorus, which are readily acted on by water, heat being 
generated, and a solution of halogen acid and a corresponding 
acid of phosphorus being formed. Thus: 

PCla -f 8HtO = 8HC1 + P(OH)a. 

Mendel^eff uses the term chloranhydrides for such chlorides 
as yield oxyacids on complete decomposition by water; ' 
convenient general term inclusive of all such analogous halides 
would be halanhydrides. Thus PClj, SiCl4, PBrg, are halan- 
hydrides; and the oxyacids formed by their decomposition by 
water are phosphorous, silicic, and phosphoric acids, halogen 
bydracid being produced at the same time. 

Since the general reaction 

RXn + nUfi = R{OH)« + tiHX 

is here involved, the oxyacid formed might be expected to 
contain as many hydroxyl groups as the halanhydride con- 
tained halogen atoms, the latter being the ortho-halide of the 
acid. With the highest halides of phosphorus this is not so, 
the true ortho-acid, P(OH)5, being unknown. Consequently, 
when phosphorus pentachloride reacts with water the following 
change takes place: 

PCh -h 5H,0 = PO(OH), + H,0 + 5HCI, 

POCI3 being formed as an intermediate product in the re- 
action. Sulphur hexafluoride SF^ is a stable gas that is not 
hydrolysed by water. 

The halides of phosphoric and sulphuric acids respectively 
are POX3 and SO2X2; but these compounds are oxyhalides of 
the elements, and are better not described as halanhydrides, 
this term being reserved for the halides of true ortho-acids. 
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which at the same time are halides of non-metallic ele- 
ments. 

It appears from the consideration of PCIr, and other non- 
metallic chlorides that full chlorination is more easily realizable 
than full hydroxylation. As before observed, inability to retain 
in stable union the maximum possible number of hydroxyl 
groups is a general characteristic of a non-metallic atom. 

The halides of metals whose hydroxides are feeble bases— 
in some instances behaving as acids in relation to strong 
alkalis — are of an intermediate character, falling between 
the true metallic salt and the true halanhydride. 'fhey are 
distinguished often by being more volatile than the true 
metallic halides, but particularly by their ready decomposition 
by water, with production of oxy- or basic halides. Alumi- 
nium chloride is a good example of such a halide. It is an 
easily volatile solid which dissolves in water with evolution of 
heat and partial hydrolysis; on evaporation of the solution 
the oxide remains. Arsenious chloride is likewise an interest- 
ing example. It is a liquid, the first action of cold water 
upon which is as follows: 

AsCL f 2HOH - As(OH)2a -f 2HCI. 

On warming with water the hydrolysis is completed, As(OH)3 
being formed. The compound As(OH)2Cl may be regarded 
either as a basic salt or a chloro-acid, from one or other point 
of view. 

Not only are aluminium, arsenious, and similar halides de- 
composed by water, but they are generated from the hydroxides 
by excess of halogen acid; these two changes being represented 
by the reversible reaction, 

RX„ I «H 20 ^R( 0 H)„ + wHX. 

This reversibility is on account of the intermediate character 
of such halides between halanhydrides and salts; the non- 
reversible reaction, 

RXn -I wHgO — R(OH)/. f «HX, 
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being characteristic of halanhydride decomposition, and the 
non-reversible reaction, 

R(OH)„ + nHX RX„ + nll^O, 
of salt-formation. 

Comparable with the halides are the oxysalts, For instance, 
aluminium sulphate undergoes hydrolysis according to the 
following reaction: j 

Alj(SOi), + 6HjO ^ 2A1(0H)3 + :IH3S04, 

a basic salt being in fact produced; but potassium sulphate,U 
true salt, is not hydrolyzed by water. \ 

Many halides, in particular fluorides and chlorides of nonV 
metals and weak metals, display the property of readily 
yielding double or complex salts with metallic halides, and 
more or less stable acids by union with halogen acids in 
solution. Such are PtClj giving KgPtClj, PtCl4 giving 
KjPtClg, and HjPtClg, flHjO, AuCl;, giving KAUCI4, AuBrj 
giving KAuBr4, the fluorides of silicon, germanium, and tin 
giving K2XF8, and BFj giving KBh^. This property is' 
comparable with that of the formation of double or complex 
cyanides by many metallic cyanides, especially those of the 
eighth group (q.v.). 

It may be suggested that the union of basic and acidic 
halides to form complex salts is analogous on the one hand to 
combination between basic and acidic oxides to form simple 
salts, and on the other hand to union between sulphates such 
as those of potassium and aluminium with the formation of 
alums and other double salts. 
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CHAPTER IV 

OXIDATION AND REDUCTION 

The processes of oxidation and reduction are amongst the 
most widely occurring general reactions of chemistry. They 
are consequently valuable for comparative purposes; and 
because of the light they throw on the mechanism of many 
reactions, otherwise obscure, it is desirable to classify these 
processes, and to study the conditions of their action. 

As a first approximation the following definitions may be 
given: Oxidation consists in the combination of oxygen with 
an elementary or compound substance. Reduction is the con- 
verse process, or the withdrawal of oxygen from a substance 
containing it. Limitations and extensions of this simple idea 
at once suggest themselves. For example, can the loss of 
oxygen by the application of heat, and decomposition by the 
agency of the electric current, be classed as examples of this 
process? It is evident that the addition or abstraction of 
oxygen is not the sole characteristic of these reactions. Some 
other element, notably chlorine, or a complex acidic radicle, 
may be the component added or withdrawn, as in cases of 
reduction of metallic chlorides either to lower chlorides or 
to metals, for example, in the reactions: 

SnCh+2HgCl2 - SnCU+HgaCIa; SnCla+HgaCla - SnCl4+2Hg; 

Aids + 3Na - A1 + 3NaCl. 

The chlorination of a metal or chloride is generally possible 
by the direct action of chlorine alone, as in the production of 
SnCl4 from SnC^ and HgCl2 from Hg2Cl2, the element added 
itself performing a function analogous to oxidation; just as 
oxygen may oxidize a metal to an oxide, or a lower to a higher 
oxide. 

In some cases, abstraction or addition of hydrogen may con- 
stitute oxidation or reduction respectively. Reduction of an 
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organic dye substance by sulphurous acid is due to this cause, 
as is shown by the following reaction: 

HoSOa + OH 2 - HaS04 + 2H, 

hydrogen being added on to the colouring matter with produc- 
tion of a leuco-compound. 

A well-known instance of this mode of action with organic 
compounds is furnished by the interconversion of ketones and 
secondary alcohols.* 

2H 

RgrCO R^rCH OH. 

In tile case of the complex cyanides, for instance potassii^n 
ferro- and ferricyanide, the electro-negative radicle (CN^' 
may behave similarly to Cl in respect to oxidation and reduc- 
tion processes. Passage from ferrocyanide, K4Fe(CN)6, to 
ferricyanide, K3Fe(CN)e, involves essentially a change from 
Fe(CN)2 to Fe(CN)3, parallel to the conversion of FeClg into 
FeClg, or FeO into FcgOg, and is therefore to be classed as an 
oxidation process. 

Oxidation may therefore be described as the conversion of a 
compound representing a lower into one representing a higher stage 
of combination with oxygen^ by the addition either of oxygen^ or an 
equivalent electro-negative atom or radicle^ or by the removal of 
hydrogen or an electro-positive atom or radicle. 

Reduction may be defined as the result of the converse 
operations. 

Among inorganic compounds, oxidation usually denotes an 
increase in the active valency of the central atom, as in 
examples already given. Increase of valency is not, however 
a necessary concomitant of oxidation; for no such increase 
takes place in the conversion of an oxide into a superoxide, 
for instance, BaO into BaOg, or H2O into HgOg. 

• Organic oxidation processes, resulting in the abstraction of hydrogen, are, however, 
best considered as proceeding through the intermediate addition of oxygen. Tlds is 
the case in the oxidation of secondary alcohols, as is shown by the scheme 

RjCHOH ^ RaC-O + H3O. 
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Oxidizing and Reducing Agents. —To effect the changes dis- 
cussed above, certain chemical substances are employed as 
oxidizing or reducing agents. An oxidizing agent may be de- 
fined, in most general terms, as a substance, elementary or com- 
pound, capable of increasing the proportional content in electro- 
negative atoms or groups of the molecule of a given substance, either 
by actual increase in the number of such atoms or groups within 
the molecule, or by the removal of a more electro-positive com- 
ponent. 

The converse proposition defines a reducing agent as a sub- 
stance capable of decreasing the proportion of electro-negative 
atoms or groups within the molecule of an element or compound. 

An oxidizing agent is therefore an element or compound 
possessing affinity for, and easily combining with, an electro- 
positive element or group. 

A reducing agent is similarly a substance possessing affinity 
for an electro-negative atom or group. 

In the operation of a reagent of either kind, reduction is 
suffered by the oxidizing agent, and oxidation by the reducing 
agent. The most powerful oxidizers are therefore charac- 
terized by ready reducibility, and the most powerful reducers 
by ready oxidizability. 

Among the common oxidizing agents may be enumerated 
oxygen, ozone, peroxides, oxy acids such as nitric acid, the halogens 
with their oxyacids and their salts, and acids corresponding with 
higher metallic oxides, such as chromic and permanganic acids 
and their salts; also certain unstable basic oxides, such as those 
of silver and gold. All these substances operate directly. 
Chlorine operates either by the liberation of oxygen from 
hypochlorous acid (2C1 + HgO = HCl + HOCl), by direct 
chlorination, or by the abstraction of hydrogen or a metal. 

Common reducing agents are: hydrogen, gaseous and so-called 
nascent, unstable hydrides, such as hydriodic acid and the hydrides 
of sulphur, selenium, tellurium, phosphorus, arsenic, antimony, and 
silicon; carbon; many metals, such as sodium, potassium, mag- 
nesium, which act by virtue of their affinity for oxygen or 
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other electro-negative elements; lower oxides, such as carbon 
monoxide^ and lower oxyacids and salts, such as hypophosphites^ 
phosphites^ and sulphites^ salts, such as potassium cyanide and 
formate, which combine directly with oxygen under certain 
circumstances; and lower salts, such as ferrous, chromous, and 
stannous salts. 

OXIDATION— REDUCTION MECHANISM i 

A more fundamental conception of oxidation and reduction 
reactions is obtained by a study of those occurring between 
ions in solution. Ferric chloride and stannous chloride! in 
aqueous solution react thus: \ 

2FeCl3 I SnCla ^ SnCl^ + 2FeCl2. 

In terms of the ions solely concerned, this may be written: 

2Fe+++ -f Sn-H- -f 2Fe++, 

and it becomes evident that stannous ion is oxidized by the 
loss of two electrons which have passed to the ferric ions, 
reducing them to the ferrous state. In this we have the ex- 
planation of the valency changes undergone by such a system, 
and, furthermore, we plainly see that here, as in many similar 
examples, we are dealing, not with oxygen or hydrogen, but 
purely with electron interchange. 

Hence, in such ionic systems, oxidation may be defined 
as a loss of electrons, and reduction as a gain of electrons', whence 
it follows that an oxidizing agent readily removes electrons, 
whilst a reducing agent readily furnishes electrons, to effect 
these processes. Such a definition of oxidation brings other 
reactions within its scope, for, when zinc displaces copper 
from aqueous copper sulphate, or liberates hydrogen from 
an acid, it is oxidized to Zn"^^ by the loss of two electrons, 
while the ions, Cu ’ ' or , acquire these electrons and 
appear as the neutral atom or molecule, thus: 

Zn 4- Cu++ ... Cu + Zv&^ 

Zn -f 2H+ - Zn-H- + Hg. 

Electrolytic processes are also included. 
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That electron transfer, and not simply molecular contact, 
is the basis of these reactions can be demonstrated by separating 
the reactants in a suitable oxidation-reduction cell. For details 
suitable textbooks must be consulted. 

We have seen already that a metal in contact with a molar 
solution of its ions acquires its Normal Electrode Potential. 
In similar fashion, if an unattackable electrode, e.g. a platinum 
wire, be introduced into a solution containing ions of any one 
element, some in the oxidized, and some in the reduced state, 
and in equilibrium, thus, M+ ^ M++ + E, the electrode will 
acquire a positive or negative potential according as the 
system tends to be oxidizing (i.e. to remove electrons) or 
reducing (i.e. to give up electrons). Consequently, this 
electrode potential will be a measure of the oxidizing or re- 
ducing tendency of the solution. For a solution containing 
both ions in equal amounts, the value will be the Normal 
(or Standard) Oxidation-Reduction Potential of the particular 
system. 

The intensity^ or driving power, of such a system is not 
constant, but depends on the ratio of the two ions present, 
being greater when the oxidized ion is in excess. It also 
varies with temperature, and, in many cases, with the con- 
centration of hydrogen ions. 

The formation of complex ions, or of insoluble products 
will affect the intensity. Thus, a solution of ferric and ferrous 
ions in equal amount slowly reduces AgNOg; addition of KF 
solution removes the ferric ions as [FeFJ~, when reduction 
by the ferrous ions proceeds immediately. The capacity of 
a system to oxidize (or reduce) some substance completely, 
depends on its molecular concentration; there must be suffi- 
cient present to complete the oxidation (or reduction). The 
table of Normal Oxidation-Reduction Potentials below shows 
their relative nature. 

The values given are valid only for the conditions under 
which they were measured, and are applicable theoretically 
only when the reaction concerned is reversible in the thermo- 
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dynamical sense. The existence of potentials for complexer 
systems means that, in spite of our ignorance of the reactions 
involved, we are justified in treating them simply as electron 
exchanges. Some values, however, are merely comparative. 


Co+++ 

^ Co++ (acid) 


Mn04 

Mn++ (N. acid) 

1-62 

Ce-H-H- 

Ce+++ (HNOa) 

1-6 

Cla 

2C1- 

1-36 

CraO, 

^ Cr+^ (acid) 

1*3 


^ Fe++ 

0-75 

I 2 

^ 21- 

0-63 

Mn04 

MnOa (N. alkali) 

0-62 

Cu++ 

^ Cu+ 

0*20 

Ti44-H- 

^ Ti+++ (HaS04) 

004 

Ha 

2H+ 

000 

Cr+++ 

^ Cr++ 

- 0-41 

Sn++^ 

^ Sn'^ 

-040 


The greater the potential, the more readily will the oxidized 
form gain electrons and become reduced, hence, any system 
will be oxidizing to those below it, but itself will be oxidized 
by those above it. 

When, therefore, the oxidized ion (Mn04)' permanganate 
is added to Fe‘^+ ion (the reduced form) in presence of acid, 
the superior potential of the permanganate system will cause 
it to reduce while it oxidizes the ferrous to ferric ion. 

When an oxidation-reduction system is influenced by acidity 
it will be found that acid increases its potential, while alkali 
lowers it. It often happens that when an oxidant and reductant 
are present in the same alkaline medium, the potential of the 
reductant is diminished to a greater extent. It thus becomes 
a more powerful reducing agent and is more readily oxidized. 
This is the more precise statement of the qualitative fact that 
lower basic oxides and their derivatives will oxidize more 
readily if alkali be present, the oxidized products being less 
liable to reduce again. In spite of its inferior oxidizing 
intensity, alkaline KMn04 is extensively used to oxidize or- 
ganic compounds, partly because some products are acidic in 
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character, and because in some cases the reducing property 
of the organic substance is enhanced by alkali. 

Several organic oxidation-reduction systems are known to 
be reversible, as with methylene blue, and the quinone- 
hydroquinone change utilized to determine hydrogen ion 
concentration. 

CflH402 -H 2H+ -f 2E ^ CflH4(OH). 

Quinone Hydroquinone 


We may inquire, however, if this fundamental idea of 
electron interchange can be extended to compounds where 
the linkage is covalent, or to compounds where no valency 
change occurs. The answer is, that such oxidations are 
better defined in terms of oxygen and hydrogen. 

We do not consider that electron transfer occurs when 
acetaldehyde is oxidized to acetic acid, thus: 


:o: 


CHoiC.'H + 



CHa 


:o: 

:c:o:h. 


nor when sulphite forms sulphate thus: 



:o:s:o: + :o: :o:s:o: 

":bV 


although the sulphur atom is conventionally regarded as pass- 
ing from the quadri- to the sexi-valent state. 

The oxidation of BaO to form BaGg involves no valency 
change in the Ba atom. Barium oxide is ionic, and the change 
may be shown electronically, thus: 

Ba++[:OjJ” + o: ■- Ba++[^:0^0:] , 

We might infer that by sharing two electrons (x), one oxygen 
atom has been oxidized, while the acceptor atom has been 
reduced. But in a similar case, when the cupric ion Cu"^*^ 
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forms [Cu(NH 3 )J+^ by co-ordination, we do not say that 
copper has been reduced. 

The mutual oxidation and reduction of hypochlorite ions 
to chlorate and chloride may be represented thus: 

+ 2[-.a:]-. 

On Grimm and Sommerfeld’s criterion of valency, iach 
chlorine atom initially has a valency of +1, since one inly 
(x) of its seven electrons is used in the covalent link with oxy- 
gen. In the chlorate ion, the valency of chlorine is +5, five^of 
its electrons being used to link oxygen. The two remaining 
chlorine atoms, originally of valency +1, are now reduced 
to chloride ions of valency —1. The chlorate ion may suffer 
further oxidation to perchlorate [CIOJ", in which all seven 
electrons are utilized, and the valency of chlorine is +7. 

The charge on the ions is constant, and throughout the 
oxidation and valency changes, the contribution of seven 
electrons made by chlorine to its valency group is unchangeej. 
Progressive oxidation occurs as each unused electron pair is 
utilized to bond oxygen atoms. 

In the scries of progressively oxidized ions; 

Cl- OCl- CIO 3 - 
Cl- CIO,,*' ClOr 

it should be noted that the hypochlorite ion is a stronger 
oxidizing agent than chlorate ion, the latter being more strongly 
oxidizing than perchlorate ion. It is true generally that, when 
an ion undergoes self-oxidation and reduction, that ion is a 
stronger oxidizing agent than the resultant oxidized ion. 

The manganese analogue of KCIO 4 is KMn 04 , and, as 
befits the transitional character of manganese, it undergoes 
smooth and quantitative changes. Indeed its versatility forms 
an interesting study of oxidation and reduction from the 
electronic point of view, and may be contrasted with chlorine. 

Consider the following manganese compounds: 


|^: 6 ".a:j 4 2^:0;a:J - :0:C1:0: 

o’ 
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[Mnl + Cls [Mn]'Cl3 H4[MnOJ^ HaLMnOJ" H[Mn 04 r 
MnCU. 

Ions are contained in square brackets, and their valencies 
are represented by + or — signs, indicating basic or acidic 
ions. 

Further, + signs indicate electrons cast off from the valency 
group of manganese, and so contributing to the making of 
acidic ions by other elements; and — signs indicate electrons 
gained by the valency groups from an outside source, and then 
employed to bind oxygen and form acidic radicles. Thus 
manganese forms two basic ions containing the metal alone, 
and three acidic ions in which the metal is associated with 
oxygen, while MnCl 4 is a covalent molecule. 

Now manganese has the atomic number 25, i.e. 25 electrons 
are external to the nucleus of the central atom, and having 
the quantum arrangement shown later. Only when the bivalent 
ion, Mn++, is formed are the two electrons of the last quantum 
group sufficient: in other cases electrons must be imported 
for valency purposes. These may come either from the third 
quantum group of the manganese atom itself, or, as shown 
by the charge on the oxy-ions, come from an external source. 

The electronic changes accompanying the formation of such 
an oxy-ion may be elucidated by considering the action of fused 
alkali on Mn(OH )2 in presence of air. The reaction is essen- 
tially: 

Mn++[OH]r + 2 [OHr + O* - [Mn04r f 2H2O. 

Each pair of hydroxyl ions reacts thus: 

2[OHr- + H 2 O. 

Hence the Mn atom retains one oxygen atom and two bonding 
electrons, at the same time it acquires the oxygen ion, 0“, 
liberated by decomposition of the alkali hydroxyl ions, whereby 
the negative charge on the oxy-ion arises. To co-ordinate two 
neutral oxygen atoms from the air, the manganese atom with- 
draws four more electrons from its inner group. The ion 

(D170) 
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[MnOJ*, therefore, requires manganese to contribute in all 
six electrons, the remaining two coming from an external 
source. 

The structure of the manganese atom in its ions may be 
thus represented: 

[Mn] |2'|2|2|4|2|2|4|6| 2 

[Mn]++ |2|2| 2| 4|2| 2| 4| 5| {2) 

/ 

[Mn]-H-f- |2|2| 2| 4|2| 2| 4| 4| (3) 

[MnOJ* |2|2j 2| 4|2| 2| 41 3| 4(4) 

[MnOJ- |2|2|2|4|2|2|41 1 | 6 ( 2 ) 

[MnOJ- |2|2|2|4|21214| | 7 (1) 

The figures in brackets represent electrons either to be lost 

( ), i.e. to be contributed, say to halogen atoms to convert 

them into ions, or to be gained ( ) from hydrogen or metallic 
atoms, which accordingly become ions. 

The oxy-ions, including the hypothetical orthomanganite 
ion, all differ in the number of electrons to be provided by 
the manganese atom, and therefore in the number of negative 
charges to be brought from outside. The valency of manganese, 
as distinct from that of its ions, is reckoned by the number of 
electrons which it itself provides for ion formation. On 
modern theories, however, the Mn atom in [MnOJ", as with 
Cl in [CIOJ" may be described as 4-covalent. 

In the compound, MnCl 4 , manganese has provided four 
electrons for its valency group, which it employs to bind 
the four chlorine atoms to itself by covalency. It is possible, 
however, for manganese to accommodate six Cl atoms in its 
periphery, for the complex salt KgMnCle exists. This arises 
because the Cl ions of 2KC1, each with eight electrons, may 
co-ordinate with the Mn atom, each by a pair of its own 
electrons, to form the ion [MnClg]*, thus introducing the 
double charge. 
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The resting stage for the reduction of permanganate in 
alkaline solution is the hypothetical ion [MnOJ^, as evidenced 
by the production of MnOg. Alkali has so reduced the oxidizing 
potential of this stage that no further reduction is evident. In 
acid solution, however, this inhibition does not occur; indeed 
the potential is raised, and the reduction proceeds to Mn++. 

Since ions only are concerned in these reactions, the equa- 
tions representing them should be ionic. Thus when per- 
manganate is reduced to manganous salt, manganese is reduced 
from sepli- to bi-valency by the addition of 5E, which may 
be derived from 5Fe++ thus: 

Mn04- 4 6E - f 40"- 

5Fe++ - 6E - 6Fe-+^ 
and 40 - - + 8H+ -- 

Adding: MnOr H- 5Fe++ f 8H+ - Mn++ -f- CFe^-H- + 4HaO. 

The final equation represents essentially the oxidation of 
ferrous iron in acid solution by permanganate. 

The following ions of chromium (At. No. 24) are parallel to 
those of manganese. 

Cr-H- 2|2|2|4|2|2|4|4| (2)^ 

Cr+++ 2|2|2|4|212|4!3| (3)^ ^ 

[Cr04r 2|2|2|4|2|214|()| 6 (2)^ 

[CrOJ- 2|21214|212|3|0| 7 ( 1 ) 

(Unknown) 

The third quantum group in [Cr 04 ]“ contains 8 electrons, and 
is too stable to part with a further electron to form a ‘‘ per- 
chromate ’’ analogous to permanganate. Again, the ion, 
Cr ^ ^ , is the usual reduction state, the change, Cr ^ Cr"^ 
requiring vigorous reducing agents, and being easily reversible. 

Alkaline [CrOJ*", unlike [MnOJ^", is stable and shows no 
oxidizing properties. 

Hydrogen peroxide in alkaline solution oxidizes chromic 
salt to chromate; in acid solution the reverse change occurs. 
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This dual r61e of oxidant and reductant is difficult to interpret, 
According to Bancroft (1935), hydrogen peroxide in acid solu- 
tions of molar strength has an oxidizing potential of approxi- 
mately + T16 volts; in molar alkali the value is +0*03 volt. 
Consequently, if the potential for any oxidizing or reducing 
agent is greater than the appropriate potential of hydrogen 
peroxide in the same acid or alkaline solution, that substance 
will be reduced. If the potential is smaller, it is oxidized 
The source of the oxygen liberated when HgOg acts aS a 
reducing agent has been a matter of controversy. Traube and 
Baeyer believed that it all came from the hydrogen peroxidip; 
according to Schonbein and Berthelot, only one-half is si^ 
derived. 

HaOa 2H 4 - Oo; - H,0 + O. 

The first is most probable, and is supported by Wieland’s 
work on the catalytic decomposition of HgOg, which is shown 
to be initially a dehydrogenation. 

In acid solution, KMn 04 and HgOg are oxidizing and 
reducing agents, respectively. 

(а) MnOr + 8 H+ + 5E - Mn^ + 

( б ) H 2 O 2 ~ 2E - O, + 2H+. 

Multiplying (a) by 2 and (6) by 5, we get, on adding, 

2MnOr -f SHaOa + 6 H+ - 2 Mn-»-+^ + 60* 4- 8 H 2 O. 

It will be noted that increased concentration of favours 
reaction (a) but tends to retard reaction (6), though this 
effect is small since gaseous oxygen leaves the system. 

The production of cuprous rather than cupric iodide when 
KI is added to a cupric salt solution is essentially: 

2Cu++ + 21“ ^ 2Cu+ + 1«. 

The potentials of the reactions concerned are: 

Cu++ Cu+, +0-204 volt: h ^ 21 “, +0-636 volt. 

Calculations based on these values, and on typical ionic 
concentrations show that the very small amount of Cu+ ion 
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present at equilibrium is removed as the very insoluble 
iodide, thus enabling the reaction to proceed. The higher 
potential (+T 36 ) for CI2 ^ 2 Ch, and greater solubility of 
cuprous chloride, ensures the stability of cupric chloride. 

The reactions below further illustrate these principles, 
though some are discussed from different viewpoints, 

MODES OF APPLICATION 
Oxidation in the Dry Way 

Oxidation may be effected in the dry way with the aid of 
heat. The production of oxides, and of some higher oxides 
from lower oxides, by direct union, illustrates this method. 
Examples are the production of an oxide by heating an ele- 
ment such as sulphur, phosphorus, sodium, magnesium, zinc, 
mercury, lead, or iron in air or oxygen, and the formation of 
certain higher oxides, such as red-lead, PbgO^, and barium 
peroxide, BaOg, by heating the lower oxides, PbO and BaO, in 
air. 

Oxidation by fusion, or powerful heating with highly oxy- 
genated salts, belongs to the same category; for instance, the 
action of potassium chlorate or nitrate on sulphur, sulphides, 
and carbon. The production of acidic from basic oxides by 
this process is of importance analytically and technically. 
Such acidic oxides are often unstable when heated in the free 
state, and therefore are not formed by the direct union of 
basic oxides with oxygen. The presence of caustic alkali or 
carbonate renders the oxidation by chlorate, nitrate, or atmo- 
spheric air at high temperature permanent by the formation of 
a stable salt of the higher oxide. This process is best illus- 
trated by the oxidation of chromic oxide and manganese 
dioxide by fusion with alkali, together with an oxidizing agent, 
or with free exposure to air. The reactions are essentially 

CraOa + 30 = 2Cr03 
and MnOg + O — MnOg, 

chromate and manganate, e.g. K2Cr04 and KgMnO^, being 
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produced in the actual operation. The nitrate or chlorate em* 
ployed itself undergoes reduction to nitrite or chloride, so that 
the following equations represent the complete reactions: 

( CraOs + 3KNO3 + 2K2CO3 - 2K2Cr04 + 8KNO2 + 2 COa, 

tCraOa + KCIO3 + 2K2CO3 - 2K3Cr04 + KCl + 2CO2. 

(MnO^ 4- KNOa + K3CO3 - K^MnO* + KNO^ + CO2, 

ISMnOa + KCIO3 + SKaCOa - 3 K 2 Mn 04 + KCl + 3CO2. 

Certain peroxides, such as those of lead and sodium, are useful 
as oxidizing agents in the dry way. Organic substanies 
containing sulphur and phosphorus are oxidized when heated 
with excess of sodium peroxide, with formation of sodium 
sulphate, and phosphate. \ 

Dry ozone oxidizes mercury and silver superficially ai 
atmospheric temperature. 

Oxidation in the Wet Way 

Some substances are oxidized by atmospheric oxygen at 
ordinary temperature in presence of moisture. When phos- 
phorus or iron borings are placed in contact with air and water 
in an enclosed space they gradually absorb the oxygen. The 
rusting of iron appears to be accelerated by the presence of 
carbon dioxide, and the corroding of lead consists in the for- 
mation of hydroxide in solution; thus, 2 Pb + 2H2O + Og 
= 2Pb(OH)2, and its precipitation as basic carbonate by the 
carbon dioxide present. 

Ozone oxidizes certain substances in solution; for instance, 
it liberates iodine from potassium iodide, 

2 KI + Os + H2O - 2 KOH + I2 + O2; 

it also bleaches various colouring matters by oxidation, but 
reduces hydrogen peroxide thus: 

O3 “H H2O2 ~ H2O “1 20^. 

Hydrogen peroxide likewise behaves both as an oxidizing 
and as a reducing agent; its oxidizing action is generally 
manifested in neutral or alkaline solution, for instance, lead 
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sulphide suspended in water is oxidized to sulphate and man- 
ganous hydroxide to the dioxide; whilst in acid solution 
reduction generally takes place, for example, pernlanganate 
and Mn02 reduced to manganous salt. 

Sodium peroxide oxidizes chromic oxide in presence of 
water, producing chromate, 

CraOa + BNa^Oa f' H^O - 2Na2Cr04 + 2NaOH; 

lead peroxide behaves in a sinailar way in presence of alkali, 

CrgOa 4- SPbOa + 4KOH - 2K2Cr04 ^ 3PbO + ^HjO, 

Sodium peroxide also oxidizes alkali sulphides to sulphates in 
solution, 

Na^S + 4Na202 + 4H2O - Na2S04 + 8NaOH; 

and manganous compounds to hydrated manganese dioxide. 
Manganese compounds are not raised to a higher stage of 
oxidation than this by sodium peroxide in solution, since 
hydrogen peroxide is generated, which, under these circum- 
stances, would reduce permanganates and manganates to man- 
ganese dioxide; thus: 

MnaO, + 3H2O2 - 2MnOs -f 4* 30a, 

MnOa -h HaOa - MnOa 4" HaO 4* O*. 

Oxyacids owe their oxidizing powers to the ease with which 
they part with oxygen. 

Nitric acid suffers reduction in the following stages: 

2HNO3 — HaO + 2N0a 4- O, — HgO 4- N^Oa + 20, — Ufi 
4- 2N0 4- 30, — HaO 4- NaO 4- 40, — HaO f Na 4- SO. 

Hydroxylamine and ammonia may likewise be produced; 
thus: 

HNO 3 4- 6 H - NHaOH 4- 2 H 2 O. 

HNO 3 4 - 8 H - NH 3 + 3HaO. 

Nitric acid may be used in a diluted or concentrated condition 
to oxidize metals or non-metals, oxides, sulphides, salts, and 
organic matter. 

The nature of the reduction product depends upon the 
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relative concentrations of acid and reducing agent, as well as 
upon the nature of the latter. 

The mechanism of reduction of nitric acid by metals may 
here be discussed. Two views at first sight appear possible: 
either that nascent hydrogen is liberated from the acid by 
the metal, which in turn reduces more of the acid, or that the 
metal itself reduces the acid directly. Now the metals silver, 
mercury, copper, and bismuth have no perceptible action on 
cold, dilute sulphuric or hydrochloric acids; it is therefore 
unlikely that they will reduce nitric acid by the generaMon 
and agency of nascent hydrogen. As a matter of fact no gas 
is evolved when cold dilute nitric acid is used. If, however, 
the acid contains a trace of nitrous acid, or a lower oxide of 
nitrogen, or is warmed so as to induce incipient decomposition, 
action at once commences with evolution of nitric oxide and 
formation of metallic nitrate. The following reactions prob- 
ably take place with copper, and similarly with the rest of 
these metals: * 

(i) Cu + 4HNO3 

(ii) Cu(N 02 )a 4 - 2HNO3 

(iii) HNO 3 + 2NO + H 2 O 

or adding 


-- CuCNOg)., + 2 H 2 O 4 2NO, 
- Cu(N03)2 4 2 HNO 2 , 

-- aHNOo, 


Cu + 3HNO3 


- Cu(N 03)2 4- HNOa + H 2 O. 


The nitrous acid so produced then decomposes thus: 

3HNO2 - HNO3 4 - 2 NO + H2O. 

An alternative view is expressed by the following equations: f 

3 Cu + 6HNO3 = aCuCNOa) (NO3) 4 3H2O, 
3Cu(N 03) (NOa) 4 - 2HNO3 - 3Cu(N03)2 4 - H2O 4 2 NO. 

Those more electro-positive metals, which displace hydrogen 
perceptibly from dilute sulphuric acid and concentrated or 
dilute hydrochloric acids, may be supposed capable of reducing 
nitric acid through the agency of nascent hydrogen. They 

• Veley, Roy. Soc. Trans. (1891), 182, A. 279-317. 
t Stansbie, J. Soc. Chem. Ind. (1913). 32, 31 1. 
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are magnesium, zinc, cadmium, iron, aluminium, tin, and lead. 
Whilst the former metals, silver, mercury, copper, and bismuth 
never reduce nitric acid to hydroxylamine or ammonia, those 
latter may produce these substances besides nitrous oxide and 
nitrogen (probably resulting from the interaction of nitrous 
acid and ammonia). Hydrogen itself, indeed, is among the 
gases evolved from dilute nitric acid by magnesium. It 
would be difficult to say how far nascent hydrogen and how 
far the metal itself is responsible for the reduction to nitrous 
acid and lower compounds; in the formation of ammonia 
nascent hydrogen must, however, play a part. Dilute nitric 
acid is reduced to ammonia by the zinc-copper couple, and 
also by iron filings in the presence of a little sulphuric acid. 

Nitrogen peroxide appears as a reduction product of nitric 
acid in certain cases, notably in the oxidation of red phosphorus, 
arsenious oxide, and organic compounds. It is also produced 
when moderately strong nitric acid reacts with metallic tin. 
In this case, however, it is not entirely a reduction product 
of nitric acid, for the stannic nitrate first produced is unstable, 
and breaks up thus: 

Sn(N03)4 - SnOg + 4NO2 + Og. 

Thus when the metal has feebly electro-positive properties its 
most stable oxide is produced instead of the nitrate. Similarly 
antimony is oxidized to Sb205, and, passing to non-metals, 
phosphoric acid corresponding with P2O5, arsenic acid corre- 
sponding with AS2O5, and iodic acid corresponding with 
are produced. Sulphur is converted into sulphuric acid, 
but bromine and chlorine are not acted on by nitric acid. 

Sulphuric acid also may act as an oxidizing agent. Metals 
which do not decompose steam on moderate heating, nor give 
hydrogen with dilute acids, as well as many that do both, are 
oxidized by hot strong sulphuric acid. Thus with copper: 

HaS04 - H2O 4 - SO2 + O; Cu -f O - CuO; 

CuO f H.,S04 - CUSO4 + H2O; 

Cu + 2HaS04 - CUSO4 + SO2 +-2H20. ^ ^ 

(d170) 


or 
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Some of the sulphuric acid is generally reduced further by 
the excess of metallic copper with formation of CugS, thus: 

5Cu + 4 H 2 SO 4 = CugS + 3 CUSO 4 + 4 H 2 O. 

With carbon, sulphur dioxide and carbon dioxide are produced. 
Chloric, bromic, and iodic, as well as perchloric and periodic 
acids, and the oxides of chlorine and iodine, are oxidizing 
agents, the available oxygen being represented by the state of 
oxidation in which the halogen exists in these compounds above 
the condition of halide. Thus, for instance, iodic and hyjdri- 
odic acids react upon one another as follows: 

HIOs + 5HI = 3 H 2 O f 3 I 2 . ^ 

Oxidation by aqueous solutions of hypochlorites, hypp- 
bromites, and hypoiodites results from the ready decomposi- 
tion of these salts, NaOX == NaX + O; a very good example 
is the oxidation of ammonia and amides such as urea to nitro- 
gen; thus these compounds constitute a source of available 
oxygen, which may be obtained in the free state from bleaching- 
powder solution by the catalytic action of cobaltous oxide. 

Oxidation by means of chromates or dichromates and per^- 
manganates is due to the difference in oxygen content between 
the acidic and basic oxides CrOg and CrgOg, and Mn207 and 
2 MnO, respectively. In the case of permanganates, however, 
there are several stages of reduction, thus: 

MnaCy 2 Mn 03 + O — 2Mn02 + 30 2MnO -f 50; 

which become apparent more especially when the reaction takes 
place in alkaline solution. Thus green alkali manganate, such 
as Na2Mn04, is produced by the action of mild reducing agents 
in cold alkaline solution; in neutral solution, or by more vigor- 
ous reduction promoted by heating, hydrated manganese 
dioxide is precipitated. This substance may be further reduced 
if a more stable product thus results; for instance, when dilute 
potassium permanganate solution is added to excess of solution 
of alkali sulphide and free alkali, the hydrated manganese 
dioxide first precipitated is converted into more stable man- 
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ganous sulphide, the alkali sulphide being simultaneously 
oxidized to sulphate. In acid solution these successive stages 
of reduction are not so well marked, since the stable condition 
of soluble manganous salt is more easily reached. In some 
cases, however, the momentary formation of hydrated man- 
ganese dioxide can be observed; also the manganous salt 
formed in the reaction sometimes assists oxidation by itself 
becoming alternately oxidized to the dioxide and again reduced. 
This is the case in the oxidation of warm acidified oxalate 
solutions by permanganate. 

Chromates and dichromates show no such intermediate 
stages in reduction; in acid solution chromic salts result, in 
neutral or alkaline solution basic chromic salts or hydrated 
chromic oxide itself. Owing to their great oxidizability, 
chromous salts are only produced by pow^erful reduction in 
absence of air. 

Considering the oxidizing action of potassium dichromate 
and potassium permanganate in dilute sulphuric-acid solution, 
the reactions may thus be represented: 

KgCraO^ + 4 H 2 SO 4 - K 2 SO 4 + Cr,{SO,h f + 30, 

2KMn04 + 3 H 2 SO 4 K 2 SO 4 -j 2MnS04 4 4 50; 

these equations being derived from the more simple expressions 

K.2Ur207 K 2 U '1 Cr202 30, 

and 

2 KMn 04 K 2 O + 2 MnO + 50. 

The oxidation of ferrous sulphate, FeS 04 , to Fe 2 (S 04)3 may 
serve as an example. Since 2FeO + O = FcgOg, the complete 
equations become: 

KaCraOr + 6FeS04 + ^2804 - K2SO4 + Cr 2 (S 04)8 
4 - 3Fe2(S04)3 + 7 H 2 O, 
and 

2KMn04 + 10FeSO4 + 8H2SO4 - K2SO4 + 2MnS04 
4 - 5Fe2(S04)3 + 8 H 2 O. 

Both of these reagents liberate iodine from potassium iodide, 
oxidize sulphurous to sulphuric acid, together with some 
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dithionic acid, HgSgO^, in the case of permanganate, and 
hydrogen sulphide to water and sulphur, together with some 
sulphuric acid. Acidified permanganate solution likewise 
reacts with hydrogen peroxide thus: HgOg + O = HgO + Og, 
and oxidizes oxalic acid thus: H2C2O4 + O — H2O + 2CO2. 
The complete equations for these reactions, when occurring 
singly, may be constructed according to the principle illus- 
trated above. 

Permanganic acid is less stable, and therefore more likely 
to bring about oxidation than chromic acid. This distinction 
is seen in the different rates with which the two substances 
oxidize hydrogen sulphide, and in their different behavl^our 
towards hydrochloric acid. Both can oxidize this substance, 
causing chlorine to be evolved, but whilst considerable concen- 
tration and heat are necessary in the case of chromic acid, 
permanganic acid slowly oxidizes cold dilute hydrochloric acid 
solution. 

Chlorine may oxidize, either by direct union, as in the con- 
version of ferrous into ferric chloride, 2FeCl2 + Clg = 2FeCl3; 
or by causing the addition of oxygen or other electro-negative 
radicles, as, for instance, in the conversion of nickelous hy- 
droxide into hydrated nickel dioxide in presence of alkali, 

Ni(OH)., + 2KOH + CI 2 = NiO., + 2KC1 + 2 H 2 O, 

a reaction identical with that effected by hypochlorite. Oxida- 
tion may, however, consist in the removal of hydrogen or a 
metal, as in the conversion of ferro- into ferri- and cobalto- into 
cobalti-cyanides: 

2 K 4 Fe(CN )8 + Cla - 2K8Fe(CN)6 + 2KC1; 

2K4Co(CN)e + Cl* = 2K3Co(CN)e + 2KC1. 

These reactions, however, really consist in the change of 
ferrous and cobaltous into ferric and cobaltic compounds, 
since 

K4M(CN)6 4KCN,M(CN)a, 
and 

K8M(CN)e - 3KCN, M(CN)3. 
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Silver oxide acts as an oxidizing agent in those cases in which 
it is reduced to metallic silver. Among the best-known 
examples are the oxidation of tartrates, formates, and glucose 
in solution, with the precipitation of a silver mirror on the 
sides of the containing vessel. 


Reduction in the Dry Way 


Reduction reactions carried out in the dry way are of great 
importance in the isolation of free elements, and in particular 
the metals. Typical cases are indicated by the following 


equations: 

(1) Kj-COg -i 2C 

( 2 ) 4KOH + JlFe 
(a) AICI3 -f aNa 

(4) NagSiFo f 4Na 

(5) Sn02 4 2 C 
(«) FC 3 O 4 f 4C 

(7) CoO f H, 

( 8 ) 2 AgCl 4 2 Hg 
(0) CraOg 4- 2 Al 

( 10 ) 2 PbO 4 PbS 


2K 4- 

4K 4 FegO,, 2 H 2 
A1 4- aNaCI. 

Si 4- ONal' 

Sn 4 2CO. 
aFe 4 4CO. 

Co 4 H 2 O. 

2 Ag 4 HcaCag. 

2Cr 4 A1,0:,. 

.aPb I SOa and PbS 04 4 PbS 
2Pb 4 2 SO 2 . 


A large number of well-known metallurgical operations are 
included in the above reactions. Reaction (9), which is appli- 
cable to ferric as well as chromic oxide, is known as Gold- 
schmidt^s reaction; it proceeds spontaneously when started 
by means of a fuse, on account of the large amount of heat 
developed in the process. 


Reduction in Solution 

A large number of reductions take place in solution. 

The action of nascent hydrogen is illustrated in the reduction 
of ferric to ferrous salts by the abstraction of Cl' or SO'' 4 ; of 
chlorates and nitrates to chlorides and nitrites or lower com- 
pounds, by zinc and dilute acids; and in the reduction of 
organic compounds by such reagents as zinc dust and water or 
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acid, tin and hydrochloric acid, sodium and aluminium amal- 
gams, and sodium and amyl alcohol. 

Reducing salts and analogous compounds operate by virtue 
of their conversion into compounds of higher electro-negative 
content; for instance, SnCL to SnCl^ and FeC^ to FeCla; or 
else by their conversion into a more highly oxygenated salt. 
Thus sulphurous acid and sulphites are oxidized to sulphuric 
acid and sulphates by the reduction of ferric salts, nitric acid, 
and iodic acid with liberation of iodine. j 

The hydrides enumerated in the list of reducing agente act 
in consequence of their instability, or of the superior affiniw of 
their hydrogen for oxygen or chlorine. Hydriodic acid i^nd 
hydrogen sulphide represent the two classes respectively; tlius: 

iiHI = + 2H \ 

H^S + O - H 2 O + S. 


An interesting case of reduction, which has already been men- 
tioned, is that of the mutual decomposition of two oxidizers, 
the evolution of oxygen resulting. Thus hydrogen dioxide 
and ozone decompose one another, H2O2 + O3 = HgO + 2O2; 
and hydrogen dioxide and acidified permanganate, as before 
observed. 

Simultaneous oxidation and reduction of a single substance 
is a phenomenon of common occurrence; and since the oxi- 
dation is effected by the substance itself, it may be termed 
“ self-oxidation This process is illustrated by the following 
reactions. When hypochlorites are heated in solution, chlorides 
and chlorates result, the chlorate being an oxidation product 
of the hypochlorite, and formed by combination with oxygen 
derived from another portion of the hypochlorite; thus: 
2NaOCl - 2NaCl i 20 
NaOCl + 20 - NaOCJOa, 


or 


3NaOCl - 2NaCl + NaClOg. 


The generation of potassium perchlorate from chlorate by the 
action of heat may be explained by the same principle: 


4KC10s = 3 KCIO 4 + KCl: 
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and also the formation of chlorine peroxide and potassium 
perchlorate by the action of sulphuric acid: 

2KCIO3 + H2SO4 - K,S04 -f 2 HCI 08 

2HCIO3 -- IhO + 2 C 10 * + O 

KCIO3 +0 = KCIO4, 

whence 

3KCIO3 -f H2SO4 - KaS04 + KCIO4 -f 2CIO2 + HaO. 

Phosphorous and hypophosphorous acids when heated give by 
self-reduction and oxidation phosphine and phosphoric acid, 

4H3PO3 - PH3 f :^H 3 P 04 . 

2H3POa - PHs + HaP04. 

Nitrous acid undergoes spontaneous change in aqueous solution 
into nitric acid and nitric oxide: 

3HN0a - HNOa + 2N0 + HaO; 

and alkali sulphite and thio-sulphate pass on ignition in absence 
of air into sulphate and sulphide and polysulphide respec- 
tively: 

4Na2S03 -- 3Na2S04 -f NaaS 
4Na2S208 ™ 3Na2S04 f NaaS^. 

The phenomenon of autoxUation is shown when substances 
normally stable to oxygen are, nevertheless, oxidized in the 
presence of another oxidizable substance. Thus, aqueous 
potassium iodide is not oxidized by oxygen unless a substance 
such as turpentine is added. Again, zinc or lead when shaken 
with water in the presence of air yield hydrogen peroxide: 
with zinc the yield is quantitative (Traube). 

Zn + O2 + H2O - ZnO -1 H2O2. 

According to Bach, an autoxidizer^ A, first forms an unstable 
peroxide which reacts with the acceptor B, thus: 

A + O2 - AO2; B + AO2 - AO + BO. 

Thus, turpentine in the reaction above first forms a peroxide 
and is the autoxidizer with respect to the acceptor, potassium 
iodide. It may be said that the oxygen molecule is activated 
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and divides itself between the two substances. The reactions 
are concurrent, but not independent. 

The cyanide method for gold extraction has been cited as a 
similar process, being basically: 

2Au ~\- O 2 4“ H 2 O "■ AujO -f- H 2 O 2 . 

Autoxidizer. Acceptor. 

In the presence of KCN , the aurocyanide KAu(CN)2, is formed, 
whilst the hydrogen peroxide oxidizes more gold. It is highly 
probable, however, that such reactions with metals inyolve 
complex electrochemical processes. \ 

Again, a reducing agent such as sodium sulphite (here cilled 
the inductor), may cause the oxidation of stable sodmm 
arsenite (acceptor). 

NaaSOg + O 2 + H 2 O - Na2S04 4 H 2 O 2 
Na2As03 4 H 2 O 2 ^ Na2As04 4 I4[2^^’ 

The intermediate production of hydrogen peroxide may explain 
why water is necessary for many reactions. 

Catalytic oxidation induced by the platinum metals was 
formerly attributed to the transient formation of oxides, but 
Wieland has shown that most probably hydrides are first 
formed. The oxidation of alcohol to acetaldehyde promoted 
by platinum or palladium is due to the abstraction of hydrogen 
by the metal, the hydrides so produced being oxidized by oxy- 
gen, regenerating the catalyst. The catalytic decomposition 
of hydrogen peroxide is explicable on this hypothesis by the 
preliminary removal of hydrogen, which is then oxidized by 
a further molecule of HgOg, thus: 

H2O2 - 2 H 4 - Oa 
2 H + H2O2 - 2H2O. 

As we have seen, the same activation of hydrogen has been 
postulated to explain the reducing action of hydrogen peroxide 
on acidified permanganate. 



GROUP I 


151 

CHAPTER V 
GROUP i 

Sub-group A Sub-group B 

3 Li (6-94): 

11 Na (22-99)1 

19 K (3910)i ‘29 Cu (93-54) 

37 Rb (85-18)' 47 Ag (107-88) 

65 Cs (132-91): 79 Au (197*0). 

87 Fr (223)i 

The typical elements, lithium and sodium, together with 
the three members of the A sub-group, potassium, rubidium, 
and caesium, form the natural family of the alkali metals. 

Francium (Fr, 87). In 1939 M. Percy showed that, in 
addition to the known decay process (a), one per cent of 
actinium atoms decay by a branching process (b): 

(a) *”Ac-->227Th ►228pa->. (^)227Ac- ►223pr-^ 228Ra. 

P V. P 

Francium, like caesium, gives a soluble carbonate and sulphide, 
and a sparingly soluble perchlorate and chloroplatinate. 

The alkali metals possess one more electron than the inert 
gas which commences their respective periods, and the ease 
with which they lose this single valency electron to form 
univalent ions makes them the outstanding examples of electro- 
positive elements. Nevertheless, covalent sodium methyl, 
NaCHg, exists, and they can form chelate compounds (q.v.), 
as, for example, with salicylaldehyde: 

C«H4 Ox ho C,Ht 

I I 

CH==0/ \0=CH. 

The anomalous behaviour of lithium, and its diagonal re- 
lationship to magnesium and II A elements should be noted. 

The elements of the B sub-group, copper, silver, and gold 
display very little resemblance to the metals of the alkalis, in 
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many respects, indeed, offering a marked contrast to them. 
As terminal members of transition series, however, they are 
seen to be related on the one hand to the metals of the eighth 
group, nickel, palladium, and platinum, and on the other to 
zinc, cadmium, and mercury, the members of sub-group II B. 
At the same time it may be pointed out that the divergence in 
properties between similarly related elements of A and B sub- 
groups is greatest in the extreme groups I and VII, being 
least in Group IV. | 

Since they possess atomic volumes much smaller than ^hose 
of the alkali metals, there is more tendency to form coAlent 
linkings, and, as weakly electropositive elements, they form 
complexes. Cupric chloride is probably Cu[CuCl4], and aOric 
chloride betrays little saline character, being dimeric (AuCl^)^. 
Cuprous chloride is ionized in solution, but builds a covalem 
lattice in the solid state. 


THE ALKALI METALS 

The natural modes of occurrence of these metals suggest 
analogies between them. Thus lithium occurs together with 
sodium and potassium in certain phosphates and silicates, as 
well as in mineral waters and in plants; sodium and potassium 
occur together in felspar and other silicates, as well as in the 
Stassfurt deposits in the form of chlorides; rubidium and 
caesium, likewise, are found in mineral waters at Stassfurt, and 
in silicates which may also contain lithium, sodium, and potas- 
sium. Some specimens of lepidolite, or lithia mica, contain all 
the alkali metals. Whilst sodium and potassium compounds 
are abundant, lithium compounds are somewhat, and rubidium 
and caesium compounds very rare. The metals are obtained 
by the electrolysis of their chlorides or hydroxides, by heating 
their anhydrous chlorides with calcium, or, with the exception 
of lithium, which is volatile only at high temperature, by the 
reduction of their oxides by heating with carbon, or such 
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metals as iron, aluminium, and magnesium. The following 
are the chief physical properties of these metals: 


Dens. 

Li 

0-5;i4 

Na 

0-9723 

K 

0-859 

J^b 

1-525 

Cs 

1-903 

At. Vol. 

130 

23-7 

45-5 

50-0 

09-8 

M.P. . . 

.. 1801° 

97-0° 

02-04° 

38-.5° 

20-27° 

B.P. .. 

. . Very high 

742" 

0(i7° 

096° 

070° 


The metals and their salts colour the Bunsen flame and give 
spectra which contain few lines. Since the same spectra are 
obtained from the metals and their salts, it is concluded that 
the latter are dissociated in the flame. 

A comparison of these physical properties reveals impor- 
tant gradations from lithium to caesium, I'hese metals are 
characterized by low densities and increasingly high atomic 
volumes, so that they stand at the apices of the atomic volume^ 
curve of Lothar Meyer. Mendeleeff rightly attributed the 
chemical activity of these elements to their large atomic 
volumes, but considered that the interspaces between the 
atoms in the solids were large when compared with the size 
of the atoms themselves. The atoms of these elements, how- 
ever, are themselves large, the single valency electron being 
lost more readily in chemical reaction as the atomic volume 
increases from lithium to caesium. 

The most striking chemical property of these metals is the 
affinity which they manifest for oxygen. This is illustrated 
by the difficulty of reduction of the oxides, but more especially 
by the fact that the metals tarnish when exposed to air, and 
decompose water with evolution of hydrogen. Owing to its 
high melting-point lithium does not fuse under these circum- 
stances; sodium, however, fuses; and potassium, rubidium, 
and caesium, owing to the superior heat of their reaction with 
water, cause inflammation of the evolved hydrogen. 

The relative degrees of electropositiveness of the alkali 
metals are indicated by the lowest temperatures at which they 
react with water. These are : 

Na -98°, K -105°, Rb -108°, Cs -116°. 
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Oxides (M*aO) and Hydroxides (M'OH) 

The typical oxides, MgO, of the alkali metals are crystal- 
line solids deepening in colour from lithium oxide, which is 
white, to caesium oxide, which is orange-red. Lithium oxide 
is obtained by heating the hydroxide in a current of hydro- 
gen; the others by partial oxidation of the metal in pure 
oxygen, the remaining metal being distilled off in a vacuum. 

They react with water to form the hydroxides, and, except- 
ing lithium oxide, with hydrogen thus: 

MaO + Ha - MOH + MH. 

The following reactions are also characteristic: 

above 400°; 2 M 2 O - MaOa 4 2M; 

with liquid NH3; MaO + HNH2 = MOH + MNHa. \ 

The hydroxides are deliquescent, except lithium hydroxitle, 
and form crystalline masses whose aqueous solutions are 
strongly alkaline, and readily absorb carbon dioxide from the 
air. These properties are those of typically basic oxides and 
hydroxides, which show no acidic properties whatever; and 
associated therewith are certain characteristic properties of 
salts. Alkali halides and sulphates do not undergo hydrolysis, 
so that their aqueous solutions are neutral in reaction.’'^ 
Solutions of such salts as the phosphates, carbonates, and 
borates, derived from weaker acids, are alkaline in reaction, 
hydroxyl ions preponderating after hydrolysis on account of 
the superior electrolytic dissociation of the base over the 
acid. Even a solution of Na 2 HP 04 is alkaline on this account, 
and a solution of NagCO^ is hydrolyzed thus: 

Na^CO^ I H 2 O ^ NaOH f NaHCOs, 

the NaOH producing a preponderance of hydroxyl ions. It 
is doubtful, indeed, whether the solution of any normal phos- 
phate, carbonate, or borate possesses a neutral reaction, salts of 
these acids and less powerful bases being generally insoluble 
in v/ater. 

Another characteristic of the alkali metals depending upon 


• Lithium chloride is somewhat hydrolyzed by water. 
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their powerfully basigenic properties is their power or forming 
stable acid salts, such as M-HS04 and M HCO3. The pro- 
perties of bicarbonates are specially instructive, since those of 
the alkalis alone exist in the solid state, though the alkaline 
earth and magnesium bicarbonates are known in solution. 
The solid alkali bicarbonates show progressive stability from 
sodium to csesium,* Even the alkali bicarbonates are decom- 
posed by boiling water, as also are those of the alkaline earths 
and magnesium. The power to form bicarbonates is possessed 
only by the most powerful metals; normal carbonates, indeed, 
are formed by comparatively few metals, so great is the ten- 
dency for carbonic dioxide to be lost and a basic carbonate to 
be produced. The alkali metals do not form basic carbon- 
ates or any basic salts, their oxides being sufficiently basic to 
retain the full complement even of the weakest acid. 

Sub-Oxides and Sub-Salts, Peroxides 

Various sub-oxides, such as Na40 and K4O, have been de- 
scribed, but their existence is doubtful. The sub -chlorides 
NagCl and KgCl are said to be greyish-blue in colour; the 
blue colour of certain naturally occurring specimens of sodium 
chloride is attributed to the presence of sub-chloride. These 
compounds are possibly formed by heating the metals with 
ihe chlorides in a stream of hydrogen, or by the electrolysis 
of the fused chlorides themselves; but the products may 
be merely solid solutions of metal in the chloride. 

The following peroxides are known: 

LiaOa Na^Os KgOg; Cs^O* 

Na^Og K2O3 RbaOg CS2O3 
KO2 RbOa CsOa 

Sodium peroxide, Na202, is formed when sodium is ignited 
in a stream of oxygen. It is a yellowish- white solid which 
forms with water the crystallohydrate Na202, 8H2O. It is a 
true peroxide, and possesses a constitution analogous to that 

•Caven and Sand, Chem, Soc. Trans. (1911), 99 , 1359; (i 9 i 4 )» tW, 2752. 
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of hydrogen peroxide, since it yields this substance, together 
with sodium hydroxide, when dissolved in water. 

When sodium peroxide is acted on by a solution of hy- 
drogen chloride in alcohol, or with absolute alcohol at 0®, the 
following reaction takes place: 

Na^Oa + CaHsOH = CaHgONa + NaO • OH, 

the latter substance remaining as a white powder, known as 
sodium hydroperoxide. Although decomposed by njiineral 
acids, this substance combines with acetic acid to foim the 
sodium salt of peracetic acid, NaOOCOCII^. 

Potassium superoxide, KOg, is formed when potaisium 
is ignited in oxygen: in liquid ammonia solution potassium 
reacts with oxygen to form successively KgOg, KgOj and KOg. 
With water this remarkable orange-yellow siiperoxide yields 
potassium hydroxide, hydrogen peroxide and oxygen. It was 
formerly formulated as K204- Since, however, it possesses the 
same crystal structure as calcium carbide, CaCg, it must be related 
to K2O2 and to the oxygen molecule in the following way: 

■0-0-. K+[:0:0:]~ 2K+[:0:0:]“ ; 

The paramagnetism and the colour of KO2 are attributed to 
the unpaired electron on one oxygen atom, whereas KgOg is 
almost white. The red oxide K2O3 is presumably a mixed 
peroxide containing both anions 02“ and Only the larger 
Group I A cations form superoxides of the type M+Og”. 

Potassium ozonate,’*' (KOIi)202, is said to form when 
potassium hydroxide reacts with ozone. Its structure is un- 
certain, and it forms no hydrogen peroxide with water. 

Ammonium peroxide and ammonium hydroper- 
oxide, (NH4)202 and (NH4)0-OH respectively, are formed 
by the action of ammonia on a cold ethereal solution of an- 
hydrous hydrogen peroxide. They are colourless, crystalline 
substances which decompose at ordinary temperature. 


* W. Traube, Ber. ( 1916 ), 49, 1670 . 
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Halides 

The following are the solubilities of the halides in 100 
parts of water at about 15°: 



Li 

Na 

K 

Rb 

Cs 


j 

' 4 

( + 2H*0] 

1 


F' 

0-27(18®) < 

NallF, ^ 
,diff. sol. 

|92-3 (18°) 1 
KHF. 1 
1 easily sol.J 

t very 

1 sol. 

366-5 

cr 

80-7 (18®) 

36 

33*4 

91-1(20®) 

186-5 (20®) 

Br' 

150 (deliq.) 

90-3 (20®) 

63 

105 

123-4 

r 

160 (deliq.) 

179 (20®) 

140 

150 

66-3 

When these salts 

are anhydrous they crystallize in 

cubes. It 


may be observed first that the fluorides differ from the other 
halides in solubility; lithium fluoride, like the alkaline earth 
fluorides, is almost insoluble, and sodium fluoride is but slightly 
soluble in water; potassium fluoride contains water of crystal- 
lization, and sodium and potassium fluorides form the acid salts 
NallFg and KIlFg, which are derivatives of the double hydro- 
fluoric acid molecule, H 2 F 2 . Many other examples of the 
exceptional properties of fluorides will be observed later. 
There is an increase in solubility in each case except that of 
caesium, in passing from the chlorides through bromides to 
iodides; it may also be observed in each case that a diminution 
in solubility from the lithium through the sodium to the 
potassium halide is followed by a rise to the rubidium, and 
generally to the caesium salt. These variations in solubility 
serve to differentiate the “ typical elements lithium and 
sodium from potassium, rubidium, and caesium, w^hich are 
placed at the heads of three long periods, since a break in the 
sequence of solubilities occurs in each case at potassium. 

The solubilities of the chlorides in alcohol follow the same 
order as their solubilities in water. Lithium, rubidium, and 
caesium chlorides, which are very soluble in water, also dis- 
solve in alcohol; sodium and potassium chlorides, which are 
less soluble in water, are practically insoluble in alcohol. 
Sodium and potassium iodides, which are more soluble in 
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water than the chlorides, are also somewhat soluble in alcohol. 
The resemblance between lithium and magnesium and calcium 
is shown in the extreme solubilities of the halides, and in the 
fact that lithium chloride solution, when evaporated, under- 
goes hydrolysis in the sense of the equation 

LiCl + HOH ^ LiOH + HCl; 

on account of the loss of hydrochloric acid and the solubility 
of lithium hydroxide, an aqueous solution of the residufe ob- 
tained by evaporation to dryness is alkaline. 1 

In contrast with the solubilities of the simple halidesV the 
complex halides of the alkalis decrease in solubility worn 
lithium to caesium. An example of this is seen in the ^ase 
of the platinichlorides, whose solubilities in water are \ as 
follows: 

M-,PtCl, Li Na K Rb Cs 

sol. at 10°. easily sol. easily sol. 0-90 0 154 0 05 

The same diminution in solubility, with increase in basi- 
genic properties of the metal, is observable with other com- 
plex salts. For instance, rubidium and caesium can be sepa- 
rated from potassium by reason of the slight solubility of the 
stannichlorides, RbgSnCle and Cs.2SnCl6; and caesium can be 
separated from rubidium by the precipitation of the antimono- 
chloride, 3 CsCl, 2 SbCl 3 , the corresponding rubidium com- 
pound being soluble in water. When it is considered that 
magnesium and the alkaline earth metals, together with lithium 
and sodium, do not form insoluble complex halides like those 
formed by potassium, rubidium, and caesium, it appears that 
the formation of such compounds is confined to the most 
electro-positive or basigenic of the elements only, the insolu- 
bility likewise increasing with increasing electro-positiveness. 

Another characteristic of the alkali metals is the formation 
of poly halides. 

It is well known that iodine is more soluble in potassium- 
iodide solution than in water. This is due to the formation 
in solution of potassium polyiodides, e.g. KI3, which may be 
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isolated in the form of almost black, needle-shaped crystals. 
This compound is evidently not very stable, since the two 
atoms of iodine are removed from it by the action of sodium 
thiosulphate. It is, however, a true “ atomic ” and not a 
“ molecular ” compound, since it has been shown that its 
solution contains the ions K+ and l\. Its constitution may 
therefore be represented as 

K-^[I— I -IJ- 


in which the potassium atom still remains univalent. The 
anion is probably linear as in NH4I3 (Mooney, 1935). 

Compounds such as LiICl4 and KICI4 are likewise known; 
they are derived from I Cl 3 and the metal chloride. 

In the case of rubidium and cajsium a large number of 
these salts are known, which crystallize well and are more 
stable than the potassium salts. 

The following are the best known: 

RbBra, Rbla, RbClBr.,, RbCl.,Br, RbCl^I, RbBrJ, RbClBrl; 

RbICU, RbIClaF; CsBrg, Csig; CbBrg, Csl^, CsICh, CsICl^F. 

Some theoretical explanation of these remarkable com- 
pounds should be given; for unless the alkali metals are 
supposed to be polyvalent in them — ^and there is no reason to 
suppose this to be the case — ^the combination of the mono- 
halide with free halogen is a phenomenon whose significance 
should be of interest. 

It is difficult to say how far these polyhalides retain their 
individuality in solution, or whether the majority exist only 
in solid form, sometimes akin to solid solution. When con- 
centrated solutions of iodine in aqueous potassium iodide 
equivalent to a higher polyiodide are diluted, iodine separates 
until the contents correspond to the tri-iodide. Dawson has 
shown that iodine in solution in an organic solvent such as 
nitrobenzene dissolves potassium iodide, which is insoluble in 
the pure solvent, this being due to formation of KI3 or KI9. 
It seems, therefore, to be a function of the iodide ion in 
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potassium iodide to combine with iodine, even under con- 
ditions where no electrolytic dissociation can be assumed. 
This tendency is more powerful with rubidium and caesium, 
as is shown by the existence of the numerous, less soluble, and 
more stable polyhalides of these metals. From the chemical 
viewpoint, therefore, polyhalide formation might be attributed 
to the intense electropositiveness and large ionic volume of the 
alkali metals, which thus may have the power of conferring 
basic and polyvalent properties on the halogen atoms with 
which they are combined. \ 

At the same time the increase of ionic volume, couplecL with 
the electropositiveness of the metal, might well facilitati the 
building of complex ions into a more stable crystal lattice with 
better crystallizing power. \ 

Comparable polyhalides exist in tetra-ethylammonium tri- 
and penta-iodides, (C2H5)4Nl3 and (C2H5)4Nl5, which are 
obtained by adding iodine to an aqueous solution of tetra- 
ethylammonium iodide. Ammonium tri-iodide is isomor- 
phous with the alkali tri-iodides. The effect of increased 
volume of a radicle is shown by the fact that [Co(NH3) J+++ 
forms a polyiodide, but not Co+++. 

It was Werner’s suggestion that such compounds are 
analogous to complex halides, e.g. to the aurichloride MAUCI4, 
a halogen atom taking the place of an atom of gold thus: 

MAUCI4 MICI4 MII4 MICI2 MII2 

aurichloride, iodichloride, iodi-iodide, iodochloridc, iodoiodide 

The assumption that the more electropositive halogen 
constitutes the nucleus of a mixed polyhalide ion is confirmed 
by the crystal structure of Cs[ICl2]. The stability is enhanced 
the heavier the component halogens are (there are no tri- 
chlorides known), and at least one heavy atom, e.g. I or Br, 
must be present. The fact that fluorine can participate is 
noteworthy. 

On the electronic basis the [AuC^]" ion results by the co- 
ordination of a chloride ion with neutral covalent AuClg. 
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In a similar fashion the I 3 ion may be written as below, 
bearing in mind that its formation results by union of iodide 
ion with molecular or atomic iodine (only the linking electrons 
are shown; the iodine atom marked (^) indicates an iodide 
ion originally). 


Cl 


Clr= ii^Cl 
11 
Cl 


[l=;I=:l]" or [l=lr=:;l] 


In the case of the ion [1 3 ]- either method of representing the 
union achieves the same result: the linking atom is abnormal 
in that its valency group now contains two electrons more 
than its normal octet, this excess arising either by co-ordination 
or by covalent linkages. The complex bears a negative charge 
due to inclusion of the ion, I“. On Sidgwick^s views, a valency 
group of more than eight electrons is possible for iodine, 
provided all are utilized in the same fashion, i.e. if it is a 
“ pure ” valency group. Here the group is “ mixed ”, two 
of the ten electrons performing no linking function and be- 
having therefore as part of the atomic core; they form an 
“ inert pair 


Sulphates 

The following are the solubilities in 100 parts of water 
at 18° of the anhydrous sulphates of the alkali metals: 

LijSO* NaaSO* K2SO4 RbaSO* CsaSO* 

34-G 16-9 10-7 44-7 163-5 

The order of solubility is the same as in the case of the chlorides, 
differentiation between metals in the typical and in the long 
periods being shown. Lithium sulphate often crystallizes 
with 1 H2O and sodium sulphate with 7 or 10 HgO; the other 
sulphates are anhydrous. Acid sulphates, MHSO4, are known 
in each case, that of lithium being the least stable. 

It was observed in the case of the chlorides that double 
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or complex salts show an order of solubility which is the 
reverse of that of the simple salts; the same is true of the 
double sulphates known as alums, M*2S04, R‘’'2(S04)3, 24H2O, 
which show an increase in stability and insolubility with 
increase in basigenic properties of the alkali metal. Lithium 
sulphate has been shown to form an alum; sodium alum is 
very soluble in water and difficult to obtain in a pure, crys- 
talline condition; potassium alum is well known; rubidium 
alum is much less soluble than the potassium compound, and 
nearly four times as soluble as caesium alum; caesium may be 
separated from rubidium by reason of these clifTerent solu- 
bilities. The following are the solubilities at 17": \ 

Na- K- Rb- Cs- Alum \ 

about 51 13-5 2-27 0-619 

The solubility of ammonium alum is 13*7 at 20°. 

The stability of alums, as well as of other double and 
complex salts, undoubtedly depends upon the magnitude of 
the difference of basigenic property between the metals of the 
constituent simple salts; and this is illustrated in the alupis 
by the increase of stability from lithium to caesium. A dis- 
tinction is generally drawn between double and complex salts 
in the sense that whilst the former are decomposed into their 
constituent simple salts in solution, the latter preserve their 
identity in solution, giving rise to complex ions. The alums 
and some other double sulphates, such as K 2 SO 4 , MgS 04 , 
f)H 20 , are then considered to belong to the class of double 
salts which break up in solution, whilst the platinichlorides 
and ferro- and ferricyanides are complex salts, yielding com- 
plex ions in solution. This distinction, however, is not a 
rigid one. For whilst solutions of the alums are regarded as 
containing no complex ions, there are sulphates containing 
two metals which yield complex ions in solution. Examples 
of these are: 


Potassium thorium sulphate 

K.[Th(SO,),] 


Potassium indium sulphate 

K,[Ir(SO,),] 
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A concentrated solution of CuSO^, KjSOj, 6 HjO also con- 
tains the complex anion« [CuCSOjj]". The difference, 
therefore, between double and complex salts is in degree 
rather than kind. 


Carbonates, Nitrates, Phosphates, and Sulphides 


The solubilities of the carbonates and bicarbonates in 
water and alcohol are given in the following table, as far as 
data are available: 


M‘ 2 C 03 in water 

M HCOa in water 

M'jCOa in alcohol 
at atm. temp. 


Li 

Na 

K 

Kb 

Cs 

( laa' 

21-4 

112 

very sol. 

very sol. 

l(at m 

(at 2(f) 

(at 2(f) 

and deliq. 

and deliq, 

f rr 5 

9-K4 

200 

sol, not 

sol. not 

l(at IS^) 

(at 20") 

(at 20") 

deliq. 

deliq. 

\ insol. 

insol. 


0-74 

IM 


It is instructive to observe that lithium resembles the alkaline 
earth metals, not only in the slight solubility of its carbonate 
in water, but also by the fact that its bicarbonate is more 
soluble than its carbonate, which is the reverse of what obtains 
with the other alkali metals. 

The nitrates and phosphates of the alkalis need but brief 
mention in a comparative treatment. 

Lithium and sodium nitrates are very soluble in water, 
potassium and rubidium nitrates rather less, and caesium 
nitrate sparingly soluble. Lithium and sodium nitrates are 
isomorphous; potassium nitrate is dimorphous, one of its 
forms being isomorphous with the foregoing; rubidium and 
caesium nitrates combine with nitric acid, forming acid nitrates. 

Lithium phosphate is nearly insoluble in water, like the 
alkaline earth phosphates; sodium and potassium phosphates 
show little resemblance to one another; there is no potassium 
compound, for instance, corresponding with the well-known 
sodium salt Na2HP04, I2H2O. 

Sulphides are obtained in the dry way by the reduction of 
sulphates by heating with charcoal, or by fusion of sulphur 

* Rieger, Zeit. Elektrochem, (1901), 7 , 863. 871. 
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with alkali carbonate. These products, however, contain poly- 
sulphides and thiosulphates. When alkali hydroxide solu- 
tion is saturated with hydrogen sulphide, hydrosulphide is 
formed, and in the case of potassium the crystallized com- 
pound 2 KSH, HgO may be obtained from the solution. By 
the addition of an equivalent of alkali the normal sulphide is 
produced, the crystalline salts NagS, 9H2O and KgS, 5 HgO 
having been isolated. Anhydrous NagS has been prepared, 
as a buff powder, by the gradual heating of NaHS, and removal 
of the evolved hydrogen sulphide. These compounds, When 
dissolved in water, yield alkaline solutions owing to hydro- 
lysis, and quickly undergo atmospheric oxidation, the \ first 
result being the liberation of sulphur which by combination 
with sulphide forms yellow polysulphides, this being followed 
by further oxidation to thiosulphate, the solution again becom- 
ing colourless. In the case of sodium the solid polysulphides 
NagSg, NagSg, Na2S4, NagSg are known. 

Ammonium sulphide, (NH4)2S, and hydrosulphide, NH4HS, 
are formed as colourless crystalline compounds when their 
constituent gases, well cooled, are brought together in the 
right proportions. They also separate from concentrated 
aqueous solution at low temperature. On exposure to air 
they turn yellow, owing to formation of polysulphides, which 
are probably similar in composition to the sodium compounds. 

Colourless ammonium hydrosulphide solution turns yellow 
from the same cause; in this case, owing to loss of ammonia, 
sulphur and water, together with some ammonium thiosulphate, 
(NH4)2S203, eventually remain. 


SUMMARY 

Many of the facts brought forward in the above study 
of the salts of the alkali metals reveal a gradation of pro- 
perties in accordance with the increase in atomic number from 
member to member, as well as a modification in properties in 
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passing from the typical elements lithium and sodium to the 
members of the long periods, potassium, rubidium, and caesium. 

Tutton has shown that the morphological and physical 
properties of the crystals of the various salts of potassium, 
rubidium, and caesium — such properties as solubility in water, 
molecular volume, refractive indices, and general optical pro- 
perties — follow the order of progression of the atomic weights 
of these metals. 

The position of ammonium in the scries of the alkali metals 
may be remarked upon. It is well known that the salts of 
the radicle (NH4) are analogous to the salts of the alkalis 
as regards isomorphism and solubility. Tutton has shown * 
that the properties of ammonium salts are closely related to 
those of rubidium compounds, and that ammonium stands 
between rubidium and caesium in the series of the alkali 
metals. The following relative values for the molecular 
volumes of the sulphates illustrate this statement: 

Mol. Vol. 


Potassium sulphate 
Rubidium „ 
Ammonium „ 
Caesium ,, 


65-33 

73- 77 

74- 63 
85-17 


It is remarkable that the molecules of ammonium sulphate 
occupy almost the same volume as those of the rubidium salt, 
although they contain eight more atoms. The explanation of 
this phenomenon in terms of the modern view of the struc- 
tures of atoms and molecules is that the addition of four 
hydrogen atoms to the nitrogen atom is the addition only of 
four protons, with their accompanying four electrons, which 
go to complete the octet of the sheath of the nitrogen atom. 
It is not then surprising to find that the diameter of the 
(NH 4 )+ ion (2-86 A.U.) is comparable in size with that of the 
rubidium ion (2*98 A.U.), which contains two or three more 
shells of electrons than the N atom in (NH 4 )'^. 


• Ghent. Soc. Trans. S3 (1903), 1049 . 
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COPPER, SILVER, AND GOLD 

It was stated in the introduction to this group that these 
three metals which form sub-group I B are related on the one 
hand to nickel, palladium, and platinum, and on the other to 
zinc, cadmium, and mercury. This relationship is shown in 
the following table: 

Ni (58 09) Cu (63-55) Zn (65-38) 

Pd (106-7) Ag (107-88) Cd (112-40) 

Pt (105-2) Au (107-2) Hg (200-6) 

This is an illustration of the rule that the properties iff an 
element are the mean of those of its atomic analogues, \that 
is, of adjacent elements in series and in group; thus the 
atomic analogues of silver are palladium, cadmium, copper, 
and gold. 

In the study, therefore, of the elements copper, silver, and 
gold, the relationships thus suggested may be looked for, as 
well as slight similarities to the alkali metals which are the 
analogous members of sub-group I A. 

The densities, atomic volumes, and melting-points of these 
elements are as follows: 



Cu 

Ag 

Au 

Dens. 

. . 8-03 

10-49 

19-265 

At. Vol. 

. . 7-12 

10-29 

]0-23 

M.P. . . 

. , 1085° 

960-5° 

1062° 


It is thus observed that the atomic volumes are relatively 
small, the elements occurring near the minima of the atomic- 
volume curve; and whilst it was found that the possession of 
large atomic volume in the case of the alkali metals is asso- 
ciated with great chemical activity and affinity for oxygen, the 
contrary property possessed by copper, silver, and gold is con- 
nected with comparative inertness and weak power of com- 
bination with oxygen. Moreover, the affinity for oxygen is 
found to diminish with rising atomic number from copper to 
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gold, as well as from nickel to platinum, and from zinc to 
mercury. A gradation is observable in the reducibility of 
copper, silver, and gold solutions, for whilst cuprous oxide is 
precipitated from alkaline cupric solutions by glucose, the 
metals are precipitated from silver and gold solutions by this 
reagent; and ferrous sulphate precipitates gold, and less 
readily silver, but not copper from solution. As was pointed 
out in Chapter II, this diminution in chemical activity with 
rise of atomic number, which is confined to the elements of 
Groups VIII, I B and II B, is associated with a diminution in 
electro-positiveness according to the electro-potential series. 

As regards the melting-points of these metals, it may be 
observed that whilst the figures do not show a gradation among 
themselves, the metals form a link between the high melting 
members of the eighth group and the fusible metals of Group 
II B, For instance, nickel melts above 1400°, and zinc at 
433°, whilst the melting-point of copper lies about midway 
between these two. Each of these metals may be obtained, 
like platinum, in a colloidal form, apparently soluble in water, 
by forming the electric arc between terminals of the metal 
under water, and also by reducing their salt solutions by suit- 
able reagents. The difference between the colloidal and 
ordinary forms is clearest in the case of silver; solid, variously 
coloured modifications, which do not conduct the electric 
current, being obtainable. 

The physical properties of these elements, as well as their 
chemical properties, as manifested by their comparative 
stability towards air, water, and some acids, show them to be 
analogous to the members of the eighth group, with which they 
are sometimes classed. Unlike the alkali metals, they exhibit 
polyvalency of the transitional type, though silver is reluctant 
to assume bivalency. Nevertheless, as will be seen, some 
relationship with the alkali metals is maintained in the com- 
pounds of lower valency. 


(D170) 
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Oxides of the Type M^O and their Salts 

Cuprous oxide, CugO, silver oxide, AggO, and aurous oxide, 
AugO, stand in the order of decreasing stability. Cuprous 
oxide is the most stable oxide of copper at high temperature, 
being formed by heating copper or cupric oxide to a white 
heat in air; silver oxide loses its oxygen between 250° and 
300°; and aurous oxide at 250°. The hydroxides do not 
exist as definite solid compounds. Hydrated cuprous ox^de is 
precipitated as a yellow powder of variable composition which 
easily loses water, when alkali-hydroxide solution is add^ to 
a cuprous salt, the oxide, however, being formed when an 
alkaline cupric solution is reduced by glucose or an arsenite. 

Silver oxide, precipitated as a chocolate-coloured powaer 
from a silver salt by an alkali, is somewhat hydrated and 
slightly soluble in water, giving an alkaline reaction, but the 
hydroxide cannot be said definitely to exist. 

Aurous hydroxide is unknown, but the violet powder formed 
by adding alkali to a solution of an aurous salt forms a violet 
liquid with water in which aurous oxide is contained 
colloidal suspension. Cuprous and silver oxides, when pred- 
pitated by dilute ammonia, dissolve in excess of the reagent, 
forming hydroxides of the basic radicles [M(NH8)]* or 
[M(NH 8 ) 2 ]*. When a solution of silver oxide in ammonia is 
evaporated by exposure to the air, or when alcohol is added 
to the solution, silver nitride, AggN, known as fulminating 
silver on account of its explosive properties, is precipitated. 

Halides. — Although the salts CuCl, AgCl, and AuCl are 
insoluble in water, the first two at least may be obtained crys- 
tallized in cubes isomorphous with the chlorides of the alkalis. 
Cuprous chloride is volatile, and its vapour density corre- 
sponds with the molecular formula CugClg; in dilute solution 
in quinoline and other solvents, however, the molecule is CuCl, 
so that the cuprous ion is Cu+ and not Cu 2 ++. The cubic lattice 
of silver chloride is built of Ag+ and Cl~ ions. Aurous 
chloride is probably a covalent dimer, (AuCl)a. 
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Cuprous chloride is hydrolyzed by excess of water. It 
does not produce cupric chloride and copper according to the 
ionic reaction 2 Cu+ = Cu++ + Cu, probably on account of 
its insolubility. Silver chloride is stable towards water, dilute 
acids, and alkalis; but aurous chloride is decomposed by warm 
water thus: 

SAuCl - 2Au + AuCl,; 

the lower chlorides of indium undergo a similar reaction, as 
well as some mercurous compounds. 

All these monochlorides form unstable double salts with 
alkali chlorides; cuprous chloride dissolves in hydrochloric 
acid, forming probably the compound HgCuCla, to which the 
salt K2CUCI3 corresponds. A solution of cuprous chloride in 
hydrochloric acid absorbs carbon monoxide, the compound 
Cud 

resulting. The slight solubility of silver chloride 

in water is perceptibly increased by the addition of hydro- 
chloric acid. Cuprous and silver bromides and iodides are 
similar to the chlorides. The silver halides show progressive 
insolubility from chloride to iodide, for 1 litre of water at 20® 
dissolves 

AgCl AgBr Agl 

0’OOi6g. 0*000084 g. 0*0000028 g. 

All these halides dissolve in aqueous ammonia, forming 
ammines containing basic ions such as [CUNH3]* and 
[Ag(NH3)2]*. In the case of silver there is progressive insolu- 
bility from the chloride to the iodide. Silver halides also 
dissolve in sodium thiosulphate solution, forming the com- 
plex salt Na4[Ag2(S203)3]. 

Complex Cyanides are known in the case of cuprous, 
silver, and aurous compounds. Cuprous cyanide dissolves 
in potassium-cyanide solution according to the following 
reaction: 

CuCN + 8KCN KsCu(CN)4, 
the potassium cuprocyanide produced being sufficiently stable 
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to resist decomposition by hydrogen sulphide in neutral or 
alkaline solution. The well-known analytical separation of 
copper and cadmium depends on this fact, since the cadmium 
double cyanide, K2Cd(CN)4, is decomposed by hydrogen sul- 
phide. 

The reaction is generally carried out by the addition of 
potassium cyanide to cuprammonium-sulphate solution, when 
the following changes take place: 

2Cu(NH3)4S04 + 4 KCN = 2Cu(CN)2 + 8NH3 + 2K2SO4 j 
2 Cu(CN)2 = 2Cu(CN) + (CN)2 

2 Cu(CN) 4 - OKCN = 2K3Cu(CN)4 

2 NH 8 + (CN)2 4 - H2O - NH4CN 4 NH4CNO. 

" 2Cu(NH 8)4S04 -h H 2 O 4- ^OKCN - 2K3Cu(CN)4 4- NH 4 
+ NH 4 CNO 4- 2 K 2 SO 4 4- GNHa. 

Silver cyanide unites with potassium cyanide to form 
KAg(CN)2, which may be obtained solid, but is decomposed 
by hydrogen sulphide. 

Potassium aurocyanide, which may be obtained in crystals, 
is formed when finely-divided gold dissolves in potassium- 
cyanide solution in presence of air. The following reaction 
takes place: 

2Au 4- 4KCN 4- 2 H 2 O 4- O 2 = 2 KAu(CN )2 4- 2 KOH 4- H 2 O 2 ; 

the H2O2 produced reacting with more gold thus: 

2 Au 4- 4KCN + H 2 O 2 = 2 KAu(CN )2 4- 2 KOH. 

These reactions form the basis of the cyanide gold process, the 
metal being obtained by electrolysis of the solution, or pre- 
cipitation by zinc. 

The three oxides of the type MgO differ considerably in 
their power of forming oxysalts. 

The only oxysalts corresponding with CugO at present known 
are cuprous sulphite, thiosulphate, sulphate, carbonate, and 
oxalate; the two former of these form double salts with the 
corresponding alkali compounds. When cuprous oxide is 
acted on by dilute nitric or sulphuric acid, a solution of cupric 




GROUP I 


171 

salt is obtained, together with metallic copper. Thus, for 
instance: 

CujO + HaS04 -- CUSO4 + Cu + HaO. 

By bringing together cuprous oxide and methyl sulphate, 
however, in the absence of water, Recoura* obtained cuprous 
sulphate as a grey powder, which is immediately decomposed 
by water into cupric sulphate and copper. 

Oxysalts corresponding to AggO, such as the nitrate and 
sulphate, are well known, and seem to take the place of the 
unknown salts of the oxide AgO. Except the carbonate 
and borate, they are not hydrolyzed by water. 

Aurous oxide, AugO, resembles cuprous oxide in its slight 
power of salt formation; the sulphite and thiosulphate are 
known, but the common oxysalts do not appear to exist. 

Viewed from the standard of the periodic law, these three 
oxides present certain anomalies. Silver oxide evidently does 
not belong to the same category as cuprous and aurous oxides, 
and as regards these two oxides the former is probably the 
more basic, just as copper is more electro-positive than gold. 

Cupric and Auric Oxides and their Salts 

Cupric oxide, CuO, and its salts are well known, and require 
but brief treatment. When alkali hydroxide is added to cupric 
sulphate solution the precipitate is at first pale blue, but be- 
comes deeper as more alkali is added. At first a basic sulphate 
is precipitated, but with more alkali this is supposed to be 
converted into the hydroxide Cu(OH)2, though some autho- 
rities state that a basic sulphate still remains. The precipitate 
appears to be insoluble in excess of alkali, but turns nearly black 
when the liquid containing it is boiled. This black precipi- 
tate, which tenaciously retains alkali, has the composition 
4 CuO, H2O, but is converted into CuO when heated to red- 
ness. 

If a very little copper sulphate is added to much concen- 

•C.r.de VAcad. des Sciences, 148, xios-8. 
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trated alkali solution the precipitate formed dissolves, forming 
a deep*blue solution. This may be taken as a sign of the 
possession of acidic properties by cupric hydroxide, but is 
more probably due to the colloidal state being assumed. 

Cupric salts usually contain water of crystallization, and 
are then blue or green, being white or yellow when anhydrous. 
Of the halides, the iodide is unstable, breaking down, on for- 
mation, into cuprous iodide and iodine. The nitrate is de- 
composed on heating, leaving the oxide, thus resemblirg the 
nitrates of heavy metals, and differing from the nitrates if the 
members of the alkali group. The carbonate and phospnate 
are insoluble in water, the former always being basic;! the 
compound [Cu(0H)2Cu]C03 is well known in the mineral 
malachite. The sulphate, CUSO4, 5H2O, also forms bisic 
salts, its dilute aqueous solution being hydrolyzed by boiling, 
with the formation of sulphuric acid and an insoluble green 
basic sulphate. Basic salts are also formed when the normal 
sulphate is kept for several hours at a dark-red heat, as well as 
by fractional precipitation with alkali-hydroxide solution. 

Cupric sulphate forms isomorphous mixtures with the 
sulphates of the metals adjacent to copper in the periodic 
table, that is, with zinc sulphate and the sulphates of iron, 
nickel, and cobalt; this notwithstanding the fact that cupric 
sulphate normally crystallizes with five molecules of water 
and all the other sulphates with seven. Whether the mixed 
crystals contain five or seven molecules of water depends 
on the proportion of cupric sulphate present. 

Cupric sulphate forms double salts with the sulphates of 
the alkali metals, that with ammonium sulphate, CUSO4, 
(NH4)2S04, GHgO, being the best known. In these salts a 
molecule of alkali sulphate takes the place of one of water in 
the heptahydrated salt. These salts are isomorphous with 
the corresponding double salts containing ferrous iron, nickel, 
cobalt, zinc, and magnesium. 

The blue solution obtained by adding excess of ammonia 
to cupric -sulphate solution contains the salt [Cu(NH3)4]**S04. 
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Further reference will be made to this compound at che end 
of Chapter XII. 

Auric oxide is represented by the formula AugOg, and its 
chloride is AuClg. Compounds of the empirical formulae AuO 
and AUCI2 are known, but they must be considered as aurous 
aurate, Au-AuOg, and chloraurate, Au-AuCl4, respectively. 
The existence of a sesquioxide, and compounds corresponding 
thereto, confers upon gold in the auric compounds more pro- 
nounced acidic properties than have hitherto appeared in this 
group. 

Auric hydroxide, Au(OH)3, is precipitated as a brown powder 
when potassium hydroxide is added to a concentrated solution 
of auric chloride; it is soluble in excess of alkali, forming 
aurate, KAuOg, from which it is again precipitated by dilute 
nitric acid. When dehydrated, Au(OH)3 first forms auryl 
hydroxide, AuO*OH, and then auric oxide, AugOg, which de- 
composes below 250 ° into its elements. 

The aurates, for instance KAuO.^, 3H2O, or KAu(OH)4, 
HgO are well-defined crystalline salts, soluble in water, and 
yielding alkaline sohitions which are rather unstable. Auric 
oxide is almost exclusively acidic in function, and forms no 
stable oxysalts. It is thus less basic than alumina, which 
forms a fairly stable sulphate. 

When concentrated ammonia is added to auric oxide a sub- 
stance of the empirical composition AUN2H3, 3H2O, known as 
fulminating gold, is produced. This compound is possibly 

an ammine of the composition Some salts 

of the tervalent tetra-ammino basic radicle [Au(NH3)4] have 
been prepared. 

The trihalides of gold present many of the properties of 
halanhydrides, whilst their saline qualities are very feeble. 
Auric chloride, AuClg, obtained by carefully evaporating a 
solution of gold in chlorine water, is a brown crystalline mass, 
soluble in alcohol and ether, and melting at 288 °. Orange- 


• Weitz, Annalen, (igj.t), 410, 1 17 . 
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red crystals, AuCls, 2H2O, may be obtained from aqueous 
solution; it also forms chlorauric or aurichloric acid, HAUCI4, 
SHgO, with hydrochloric acid, from which chloraurates or 
aurichlorides, such as 2KAUCI4, HgO are derived. Auric 
chloride thus resembles platinic chloride in combining with 
alkali chlorides to form complex alkali salts. 

Auricyanides are well known, potassium auricyanide, 
KAu(CN) 4, being obtained by adding concentrated potasjsium- 
cyanide solution to a neutral solution of auric chloridje. It 
is a colourless salt, from which white crystals of the acid 
HAu(CN) 4 can be obtained. \ 

Sulphides 

Copper forms two sulphides, CugS and CuS, corresponding 
with cuprous and cupric oxides; cupric sulphide loses sulphur 
when heated gently out of contact with air, yielding cuprous 
sulphide, which is also produced when the metal is heated with 
sulphur. Both compounds occur in nature, though cuprous 
sulphide, like the oxide, is more stable than the correspond- 
ing cupric compound. Cupric sulphide shows very feebly 
acidic properties, being perceptibly soluble in alkali-sulphide 
solutions. 

Silver forms but one sulphide, AggS, a black solid insoluble 
in water, alkalis, and alkali sulphides. Three sulphides of gold 
are known, AugS, AugSg, and AugSg, the latter of which is very 
unstable. Aurous sulphide, AuoS, formed by reducing a hot 
solution of auric chloride with hydrogen sulphide, combines 
with alkali sulphides, forming thioaurites, MAuS. The disul- 
phide, AugSg, possibly aurous thioaurate, AuAuSg, is formed 
when hydrogen sulphide acts upon cold auric-chloride solu- 
tion, It reacts with sodium sulphide, thus: 

AuaS 2 4- SNajS = 2NaAuS ^ NaaSa, 

and combines with a polysulphide, forming thioaurate. Auric 
sulphide, AU2S3, which is thioauric anhydride, combining with 
alkali sulphides to form thioaurates, is not formed in the wet 
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way, but by passing hydrogen sulphide over a heated auri- 
chloride. 

The superior acidic properties of gold as compared with 
silver and copper compounds are well illustrated in the pro- 
perties of the above sulphides. 


Sub- and Per- Oxides 

Copper suboxide, CU4O, is said to be formed as an olive- 
green powder by the reduction of an alkaline cupric solution 
by stannous chloride. The copper first passes through the 
cuprous stage, and finally separates as metal if reduction is 
continued. This oxide yields cuprous chloride and copper with 
hydrochloric acid, and may be only a mixture of cuprous oxide 
and copper. 

Silver suboxide, Ag40, possibly exists, and the sub- 
halides AggF and Ag2Cl: but these substances are probably 
mixtures of metal with Ag^O or the corresponding halide. 

Copper peroxide, CuOj, HgO, is formed as a yellowish- 
brown crystalline powder by the action of dilute hydrogen 
peroxide on cupric hydroxide; it is unstable when moist, 
and is probably a superoxide since with dilute acids it gives 
cupric salts and hydrogen peroxide. 

There is also an oxide, CugOg, obtained as a yellow powder 
when concentrated sodium hydroxide solution is electrolyzed 
with a copper anode. 

Silver peroxide, AgO. When a neutral solution of silver 
nitrate undergoes electrolysis, a black powder is deposited at 
the anode, which contains AgO and AggOj, neither being a 
true superoxide. When this mixture is boiled with water, 
oxygen is evolved, and the oxide AgO remains. 

Ozone reacts with silver nitrate in nitric acid solution to 
yield a black, strongly oxidizing solution of argentic nitrate, 
Ag(N03)2. 

2A^ 4- 2H+ + Oa - 2AgH- 4. HaO + O*. 


( D 170 ) 


7* 



INORGANIC CHEMISTRY 


176 

It is unstable to water, and occasionally forms insoluble basic 
compounds containing tervalent silver (Noyes, 1935). 

4A^ + 2 H 2 O 4Ag+ + 4H+ + O* 

2Ag++ + H*0 - Ag+ + (AgO)+ + 2H+. 

Dark-brown argentic fluoride, AgFg, is obtained when 
fluorine reacts with gently heated silver or its halides. Stable, 
coloured co-ordination compounds of bivalent silver are known, 
e.g. [Ag(py) 4 ] (N 03 )ij; [Ag(py)J S^Og. (py = pyridine.|| 
There is thus reason to believe that AgO is a feebly Ibasic 
oxide, and the analogue of cupric oxide, CuO; but in chemical 
properties it is similar to lead peroxide, Pb 02 . \ 

The increase of stability conferred by co-ordination may be 
emphasized at this stage. Ethylenediamine (en) forms stable 
cupric compounds of the type [Cu2en]X2, where X == NOg”, 
HgPOg”, CNS”, I”. Using ethylenethiourea (etu), cuprous 
nitrate, non-existent in the simple form, gives the stable com- 
pound, [CuietuJNOg, and aurous nitrate gives [Au2etu]N08, 
this substance being unaffected by hot solvents and not reduced 
by formaldehyde. 


CHAPTER VI 
GROUP II 

Sub-group A Sub-group B 


4 Be (91) 

12 Mg (24-32) 

20 Ca (40*07) :30 Zn (66*37) 

38 Sr (87*63) 148 Cd (112*40) 

66 Ba (137*37) i80 Hg (200*6) 

88 Ra (226*4) 

The metals calcium, strontium, and barium of sub-group A, 
immediately following potassium, rubidium, and caesium, re- 
spectively, in series, form a group of closely-allied electro- 
positive elements, the metals of the alkaline earths; to these 
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must be sdded radium following in series eka-cjesium the 
rare alkali metal. 

The metals of this sub-group have smaller atomic volumes 
than the alkali metals, e.g. the value for barium (39) is lower 
than that for caesium (70*7). Because of this, and because of 
the increase of ionic charge to two units, the members display 
weaker electropositive character than their neighbours of 
Group I A. 

Sub-group B, containing the metals zinc, cadmium, and 
mercury, is related to sub-group A in the same general manner 
as is 1 B to 1 A. Its members are less positive than the metals 
of the alkaline earths, and, as might be anticipated from the 
relative positions of the two sections of the group in the long 
series, they do not present any striking resemblances to the 
alkaline-earth metals. The group valency, two, is, however, 
characteristic, univalent mercury being only an apparent 
exception (see p. 88). Being elements of low atomic volume, 
tendencies to covalency are much in evidence, e.g. in the 
complex zinc compounds, the auto-complexes of cadmium, 
and in the weakly saline properties of the halides which reach 
a minimum in mercuric chloride. These halides possess low 
electrical conductivity. Mercury forms a large number of 
“ organic ” compounds, and mercurous salts resemble cuprous 
salts in that they are very susceptible to the change 

[Hg,]-H- =. Hg-H- 4- Hg. 

Beryllium and magnesium, the “ typical ” elements of the 
group, resemble the II B elements, though they have affinities 
with both sub-groups, magnesium in particular. Because of 
its low atomic volume beryllium shows a tendency to covalent 
linking. Thus, BeO has a covalent lattice, whilst MgO is 
ionic. The ion, Be++, co-ordinates ^HgO with great firmness, 
and many of its salts form auto-complexes. The simple 
acetate readily yields the complex compound Be 40 (C 00 CH 3 )e, 
which is soluble in organic solvents. In this molecule four 
Be 04 tetrahedra possess the central “ basic ” oxygen atom in 
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common, the remaining corners having oxygen atoms from 
the acetate groups (Pauling, 1934 ). 

BERYLLIUM (GLUCINUM) AND MAGNESIUM 

From their positions in series, beryllium between lithium 
and boron, and magnesium between sodium and aluminium, 
it is evident that magnesium should be more electro-pqsitive 
or basigenic than beryllium. That this is the case is slhown 
by the following facts: \ 

Beryllium hydroxide is feebly acidic, being dissolved by 
cold alkali hydroxides, whilst magnesium hydroxide is not so 
dissolved. Metallic beryllium does not combine with oxygen 
so readily as magnesium, nor does it so readily decompose 
water; moreover, it may be obtained by reducing the oxide 
with magnesium. Beryllium yields basic salts more readily 
than magnesium. 

Both these metals* can be prepared from their chlorides by 
reduction with sodium or potassium, or by electrolysis. Both 
metals have a silvery lustre and low density; the density of 
beryllium is 1*842, and of magnesium 1*75, the atomic volumes 
being 4*94 and 13*90. Neither metal is easily oxidized or 
acted on by water; boiling water, indeed, slowly reacts with 
magnesium, but not with beryllium. Magnesium melts at 
800° and beryllium at about 1280°. These metals are easily 
dissolved by dilute hydrochloric and sulphuric acids, and 
magnesium by nitric acid; but beryllium is scarcely acted on 
by nitric acid, in this resembling aluminium. Beryllium also 
resembles aluminium, and dilfers from magnesium, in being 
soluble in alkali hydroxides. 

In the properties of the element and its compounds beryl- 
lium bears a relationship to the alkaline-earth metals similar 

• Beryllium is rather scarce; beryl, aBeO, AljO,, 6Si02, is the chief mineral. The 
occurrence of magnesium as sulphate in Epsom-salt, MgS04, 7H20, as chloride in 
carnallite, KCl, MgCl,, 6H2O, as carbonate in magnesite, MgCO„ and dolomite 
(MgCa)COa, as well as in many silicates, recalls the manner of occurrence of the 
alkaline-earth metals. 
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to that which lithium bears to the alkalis; and the relationship 
of beryllium in the second group to aluminium in the third is 
paralleled by that of boron in the third group to silicon in 
the fourth. 

The oxides BeO and MgO are both formed by the ignition 
of the metals in air, as well as of oxysalts, such as the nitrates, 
carbonates, and sulphates, in presence of water vapour. Beryl- 
lium sulphate is, however, much more easily decomposed than 
magnesium sulphate, as becomes the inferior electro-positive 
character of the former metal. A comparison of the ease of 
decomposition of these oxysalts with those of the alkali and 
alkaline-earth metals is instructive, for, at a red heat, the sul- 
phates of the alkaline-earth metals are not decomposed, and 
the carbonates of the alkalis are but slightly decomposed, 
whilst their nitrates, on powerful ignition, lose only oxygen, 
forming nitrite. After powerful ignition beryllium oxide is 
insoluble in acids, thus resembling aluminium oxide; mag- 
nesium oxide is not thus rendered insoluble. 

The oxides of beryllium and magnesium are both produced 
by the gentle ignition of their hydroxides, and are not again 
readily converted into hydroxides by the action of water. 
Gently ignited magnesium oxide, however, is sufficiently 
soluble in water to give an alkaline reaction, the solution 
containing magnesium hydroxide. When this oxide is mixed 
with a little water it gradually sets to a firm mass, and with 
the chloride forms Sorel cement. 

Magnesium hydroxide is soluble in ammonium-chloride 
solution, and this property finds an application in chemical 
analysis, ammonium chloride preventing the precipitation of 
magnesium hydroxide by ammonia. This fact is explained 
on the ionic theory by the formation of ammonium hydroxide 
by interaction of ammonium chloride with the small amount 
of magnesium hydroxide in solution in water; this ammonium 
hydroxide is only slightly dissociated into ammonium and 
hydroxide ions in solution, and some of it decomposes into 
ammonia and water. Thus the concentration of OH ions in 
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solution is diminished, and more Mg(OH)2 dissolves in con- 
sequence. 

The following equations illustrate these reactions: 

Mg(OH)2 + 2NH4CI MgCIa + 2NH4OH 

2NH4OH 2NH3 -f 2 H* 0 . 

At the same time the double or complex salt (NH4)2MgCl4 is 
probably formed in solution, and the presence of magnesium 
in the anion MgCl4" would prevent its precipitation bj^ am- 
monium hydroxide. \ 

As has already been stated, Be(OH)2 dissolves in cold alkali- 
hydroxide solutions, owing to feebly acidic properties. iVom 
these solutions a polymeric form of hydroxide separatesyon 
boiling or long standing in the cold. In this latter property 
beryllium hydroxide differs from zinc and aluminium hy- 
droxides, but resembles chromic hydroxide. Magnesium 
hydroxide is not soluble in alkalis. 

The chlorides BeGl2 and MgClg both result from the 
action of hydrochloric acid on the metals or oxides. They 
are formed in the anhydrous state by the action of chlorine 
on a heated mixture of the oxides with carbon: 

(Be, Mg )0 + Ck + C - (Be, Mg)Ch + CO. 

Anhydrous magnesium chloride may also be prepared by 
igniting the hydrated chloride in a vacuum, or in a current 
of hydrogen chloride, as well as by evaporating a solution of 
the salt with excess of ammonium chloride, and heating the 
resulting double salt. 

BeCl2 crystallizes in silky needles which melt at about 600 ° 
and sublime at a somewhat higher temperature; MgClg crys- 
tallizes in pearly leaflets, which can be melted and distilled 
at a red heat in an atmosphere of hydrogen. 

Both salts are deliquescent, and crystallize in the hydrated 
forms BeClg, and MgCl2, 6H2O respectively. The hy- 
drated salts readily yield basic compounds on warming, and 
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many such basic salts of beryllium of doubtful composition 
have been described. Beryllium chloride forms with ether the 
compound BeCl2‘2(C2HQ)20, and with ammonia a di- and 
tetra-ammoniate. 

When hydrated magnesium chloride is decomposed by heat 

the oxychloride is formed, whilst the anhydrous 

chloride, when heated in moist air, yields the oxide and 
chlorine, 2MgCl2 + 02= 2MgO + 2CI2, a reaction which 
is employed technically in the Weldon-Pechiney chlorine- 
recovery process. Beryllium chloride behaves similarly. 
Magnesium chloride forms stable double salts with the 
alkali chlorides of the type MCI, MgClg, GHgO.* 

Other Salts. Of the other salts of these metals reference 
may be made to the carbonates and sulphates. 

Beryllium carbonate separates in the hydrated crystalline 
form, BeC03, ^^20, from the solution obtained by passing 
carbon dioxide through water containing the hydroxide in 
suspension. This solution probably contains bicarbonate. 
The normal salt very easily gives off carbon dioxide, forming 
basic carbonate. 

Magnesium carbonate is isodimorphous with calcium car- 
bonate: it occurs as the mineral magnesite. From a solution 
of magnesium carbonate in carbonic acid, crystals of a tri- 
hydrate separate on standing. This may be formulated as 
[Mg(H20)J[H20,C0a], 

for it loses only two-thirds of its water in a current of air 
at 100°, or when heated with boiling xylene at 137°: further 
dehydration causes a loss of carbon dioxide. The following 
reactions probably take place when magnesium sulphate and 
sodium carbonate solutions are mixed: 

MgS 04 + 2Na2C03 - NaaMgCCOa)* + Na2S04 
NaaMg(C 03 )a + H 3 O ^ Mg(H30,C03) + NaaCOa 
Mg(H30,C08) + H 3 O ^ Mg(OH )3 + H 2 CO 3 . 


• The mineral camallite is KCl, MjfCl,, 6H80. 
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The initial product is a soluble double carbonate which is 
decomposed by water to form “ magnesia alba a hydrated 
basic carbonate of varying composition. According to Menzel 
(1930) this product contains varying amounts of hydrated 
MgCOg and Mg(OH )2 associated with an essential constituent 
in which the ratio 5MgO: 4 CO 2 is maintained under widely 
varying conditions — even up to 250°. When dried by liquid 
ammonia, or by acetone, this constituent may be written as 

Mg[(MgCOs, H,0)J(0H)j, H 2 O. 


On standing for some days in contact with the mother liquor 
containing sodium carbonate, the basic carbonate changes 
completely into MgCOg, SHgO again, from which, by treat- 
ment with hot water, the above basic constituent is produced. 

The metals zinc, mercury, lead, and copper are analogous 
to magnesium in the readiness with which they form basic 
carbonates. It is interesting to observe that in the case of 
still less basigenic elements, such as ferric iron and aluminium, 
the action of alkali carbonates in solution leads to the produc- 
tion of hydroxides only : that is, the carbonates are completely 
hydrolyzed by water. Sulphides are similar to carbonates 
in their instability, since hydrogen sulphide is an acid com- 
parable in strength with carbonic acid. Thus magnesium, 
aluminium, chromic, and other sulphides are unstable towards 
water, being hydrolyzed with the production of metallic 
hydroxide and hydrogen sulphide. 

Beryllium sulphate, BeS 04 , generally crystallizes with 
four molecules of water ; a heptahydrated salt is however known 
which is isomorphous with magnesium sulphate. This com- 
pound easily gives rise to basic salts, a number of which are 
known. The tendency to hydrolysis is shown by the acid 
reaction of the aqueous solution of the salt. When ignited 
strongly, crystallized beryllium sulphate loses water and sul- 
phur trioxide, leaving a residue of the pure oxide. This re- 
action has been employed in determining the atomic weight of 
beryllium. 
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Magnesium sulphate usually crystallizes in rhombic 
prisms containing 7H2O, and isomorphous with zinc sulphate. 
It is known, however, in other forms containing amounts of 
water varying from 1 to 24 HgO. The heptahydrated form can 
exchange one of its molecules of water for a molecule of an 
alkali sulphate; double salts, such as MgS04, K2SO4, 6H2O, 
being formed. In this it resembles zinc sulphate. No basic 
sulphate is known. 

The sulphates of beryllium and magnesium, though less 
stable than those of the alkaline-earth metals, and therefore 
less perfect salts, differ from these by their ready solubility 
in water. 

Beryllium, like magnesium, forms no true superoxide of the 
type MOg, but instead forms a hydrated mixture of BeO and 
Be02, which is moderately stable and shows the general 
character of a peroxide. 

Magnesium forms a nitride, Mg3N2, by direct union, when 
the metal is heated in nitrogen gas. This is decomposed by 
strong ignition in air or oxygen, and is acted upon by water, 
thus: 

MgsNa -f 3 H 2 O - 3MgO -f 2NH8. 

Lithium, which resembles magnesium in some respects, as 
would be expected from the periodic law, forms a similar 
compound. 

The lattices of Mg3N2 and Ca3N2 are ionic. 


CALCIUM, STRONTIUM, AND BARIUM 

These elements display great similarity to one another in 
modes of occurrence * and properties. Reduction of the halides 
by sodium or potassium, or electrolysis of halides, are methods 
available for the isolation of the metals. Metallic calcium has 
been obtained in quantity by the electrolysis of fused calcium 

• In addition to the minerals calcite CaCO„ strontianite SrCO„ witherite BaCO», 
anhydrite CaSO,, and gypsum CaSOi, 2 H, 0 , celcstine SrSO,, heavy-spar BaSq4, 
isomorphous mixtures or compounds occur in barytocalcite (BaCa)CO,, alstonito 
(BaCa)S04, and barytocelestine (BaSrCa)S04. 
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chloride kept below 800® to prevent union of the liberated 
metal with CaC^ to form Ca 2 Cl 2 , or its combustion in air. 
An iron cathode just touches the surface of the electrolyte, and 
a rod of metal, covered with fused calcium chloride, is gradually 
built up as the cathode is raised during electrolysis. The 
product contains 97*75 per cent of calcium. 

Calcium is a rather hard, silvery-white metal; its density 
is about 1*54, and its melting point 810°. ^ 

Pure barium distils when a mixture of baryta and (silicon 
is heated • in an exhausted steel tube at 1200°. 

These metals possess higher melting points than the\alkali 
metals, and are less easily oxidized. They are comparapvely 
stable in the air, but combine with oxygen and the halcWens 
when heated with them. They decompose water with ewlu- 
tion of hydrogen at atmospheric temperature, though less 
vigorously than the alkali metals. Their chlorides are vola- 
tile in, and colour the Bunsen flame, giving spectra which 
differ slightly from those of the metals. The chemical 
activity of calcium is comparable with that of lithium, and the 
activity increases with increasing atomic weight through stron- 
tium to barium. 

The hydroxides, carbonates, and nitrates of these metals 
are more easily decomposed by heat than the corresponding 
compounds of the alkali metals, and, moreover, in the case of 
calcium, the chloride is slightly hydrolyzable. This is all in 
accordance with the position of these elements in the periodic 
system. 

Oxides and Sulphides 

The oxides of the type MO all result from the direct 
union of their elements, but are usually prepared by decom- 
posing the hydroxides, carbonates, or nitrates by heat. The 
case with which these compounds are thus decomposed de- 
creases in passing from calcium to barium. For instance, the 
hydroxides of strontium and barium part with water only on 


• Matignon, Compt. rend. (1913), 156 . 1378. 
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being heated strongly in a current of air; calcium hydroxide, 
however, commences to lose water at 100°. Again, calcium 
carbonate is decomposed into the oxide and carbon dioxide at 
a low red heat, whereas a white heat is required to decompose 
barium carbonate. Barium oxide is best obtained by ignition 
of the nitrate, or by reduction of the carbonate with carbon. 

As regards the effect of heat on the nitrates of groups I A 
and II A, it is interesting to note that it is only the alkali 
nitrates which yield nitrites on ignition,* the less positive 
elements of II A forming the oxides. In general, a nitrate 
other than those of group I A yields, on heating, the oxide 
of the metal or the metal itself. 

The oxides of calcium, strontium, and barium are refractory 
solids; barium oxide fuses in the oxyhydrogen flame and cal- 
cium oxide can be fused in the electric furnace; the brilliant 
light emitted by lime when heated in the oxyhydrogen blow- 
pipe flame is well known as the limelight. 

These oxides all readily unite with water (slake), giving the 
hydroxides M(OH) 2 . Lime on slaking may reach a tempera- 
ture of 150°, but baryta may actually become incandescent. 
The greater affinity of barium oxide for water, and the greater 
stability of the hydroxide as compared with the calcium com- 
pound, illustrate the increase in the basigenic properties of 
these metals with increase in atomic number. The solubility 
of the hydroxides similarly increases; 100 parts of water at 
15° dissolve 

Ca(OH), Sr(OH)* BaCOH)* 

0*127 0*57 2*89. 

Calcium hydroxide is rather less soluble in hot than in 
cold water; the solubility of strontium hydroxide, and especi- 
ally of barium hydroxide, increases rapidly with rise of tem- 
perature. 

Each of these hydroxides can be obtained crystalline from 
its solution; Sr(OH )2 and Ba(OH )2 separate in isomorphous 
forms containing SHgO. 

* Silver nitrate first yields nitrite, which easily passes into metal. 
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Solutions of these hydroxides are powerful alkalis, having 
caustic properties, and readily absorbing carbon dioxide. 

The peroxides MO 2 . — ^When solutions of the hydroxides 
^of calcium, strontiiun, and barium are mixed with a solution 
of hydrogen peroxide, crystals of the hydrated peroxides 
MOg, SHgO are deposited. Anhydrous barium peroxide is 
likewise formed on heating the monoxide in oxygen or in the 
air (in Brin's process in air at 700° under two atmojspheres 
pressure), but calcium and strontium oxides do not so^ readily 
combine with oxygen. 

All these peroxides lose oxygen on ignition: 

2MO2 - 2 MO + O2, 

but are progressively stable from calcium to barium. en 
acted upon by dilute acids they yield salts of the metals and 
a solution of hydrogen peroxide, e.g.: 

MO2 + HgSOiaq = MSO4 + Ha 02 aq. 

Accepting the constitution H*0*0*H for hydrogen peroxide, 
these compounds are salts of hydrogen peroxide; 

M-h-[0— O]-. 

Their stabilities increase as the size of M++ increases. 

The sulphides result from the action of hydrogen sulphide 
on the heated oxides; 

MO + HaS - MS + HaO, 

or more readily by the reduction of the sulphates by heating 
with carbon or hydrogen. They are white or yellowish- 
white substances, which are phosphorescent; that is, they 
possess the power of glowing in the dark after exposure to 
light. Calcium sulphide is known as Canton’s phosphorus, 
and barium sulphide, which emits an orange-coloured light, 
as Bononian phosphorus. Strontium sulphide emits light 

• Barium sulphide, thus produced from heavy spar (BaSO,)* is the starting-point 
for the technical preparation of the barium salts. 
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which varies in colour according to its manner of preparation! 
These phenomena are due to the presence of a trace of another 
sulphide, such as bismuth sulphide, known as the phos- 
phorogen.'* These sulphides are almost insoluble in, but are 
decomposed more or less readily by, water, with formation 
of hydroxide and hydrosulphide, thus: 

2MS 4 2HjO - M(0H)2 + M(SH)a, 

or, in the case of barium, the hydroxyhydrosulphide 
M(OH)(SH), SHgO. 

The sulphides, therefore, are not precipitated by the action 
of hydrogen sulphide on the hydroxide solutions, but hydro- 
sulphides result, thus: 

M(0H)2 -f 2 H 2 S M(SH)2 + 2H,0. 

Calcium hydrosulphide may be obtained, crystallized with 
6 molecules of water, from the solution formed by the action 
of hydrogen sulphide on milk of lime. When this compound 
is heated in a stream of hydrogen sulphide, the sulphide CaS 
results. 

The alkaline-earth sulphides resemble the alkali sulphides 
in the manner in which they are hydrolyzed by water, though 
they differ from them by being practically insoluble in water. 
As was observed in the case of the alkali sulphides, and many 
other salts, this hydrolysis is due to the fact that a strong base 
is combined with a feeble acid. 

It was seen in studying the alkali sulphides that they are 
basic, combining with acidic sulphides, such as those of arsenic 
and antimony, to form thiosalts. Barium sulphide similarly 
combines with acidic sulphides, but calcium sulphide does not. 

The alkaline-earth or magnesium sulphides form a con- 
venient source of hydrogen sulphide. Calcium sulphide is 
produced as a by-product in the Leblanc alkali process. 

Poly sulphides. — ^Just as with the alkali hydrosulphides, the 
action of excess of sulphur on hot solutions of the alkaline- 

♦Breteau, Compt, rend. (i9is)f 161, 732* 
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earth hydrosulphides, as well as of the hydroxides, results in 
the formation of polysulphides of the type MSg, and containing 
the anion [SJ^, which is probably [SSJ“, i.e. the sulphur 
analogue of the sulphate ion. It is metals of large atomic 
volume which form such polysulphides, and these are probably 
comparable with the polyhalides, e.g. Csig or Cs+[IIJ~. 
These compounds are decomposed by acids with evolution of 
HgS and precipitation of sulphur. 

Chlorides 

The chlorides of calcium, strontium, and barium are 
of the type MClg, and may be prepared by the methods 
ordinarily employed for the preparation of salts. They all 
form crystallohydrates; CaClg with 6, 4, 2, and IHjO, SrClg 
with 6 and 2 H 2 O, BaClg with 2 H 2 O only. As with the alkali 
metals, power of hydration of salts diminishes with rise of 
atomic number from calcium to barium. When these crystallo- 
hydrates are strongly heated, in the case of strontium and 
barium chloride, the anhydrous salts are formed, whilst with 
calcium chloride partial loss of hydrochloric acid occurs as 
with magnesium chloride, so that the product is alkaline in 
reaction, and capable of absorbing carbon dioxide. This 
fact must be borne in mind in using fused calcium chloride 
for analytical purposes. The importance of this behaviour 
of calcium chloride in respect to the systematics of the group 
has already been indicated. 

The solubilities of the chlorides* in water diminish from 
calcium to barium, and calcium chloride alone is deliquescent. 
Radium chloride, too, is less soluble than barium chloride. 

The solubilities of the anhydrous chlorides in absolute 
alcohol are instructive. Calcium chloride is easily, and stron- 
tium chloride sparingly soluble, whilst barium chloride, in 
accordance with its more perfectly saline character, is in- 
soluble. 


* It w rcmtrkable that calcium fluoride is insoluble. See Group VII 
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Calcium and strontium chlorides combine with ammonia to 
form the compounds CaCIs, 8NH3, and SrClg, 8NH3; barium 
chloride appears to form the compound BaClg, 4NH3, 

The subhalides CaF, CaCl, Cal are known. 

Sulphates 

The sulphates of calcium « strontium, and barium all 
crystallize in the rhombic system, being isomorphous. They 
show progressive insolubility in water from calcium to barium, 
the solubilities of the anhydrous salts in grammes per 100 c.c. 
at 18 ° being: 

CaS 04 SrSO, BaSO^ 

0*2016 0*0114 0*00023 

Calcium sulphate is more soluble in water at about 40 ° than at 
any other temperature, and strontium sulphate is less soluble 
in hot than in cold water, being precipitated from a cold 
solution on boiling. Precipitated barium sulphate is an ex- 
tremely fine powder, but becomes distinctly crystalline and 
less soluble when heated or allowed to stand in contact with 
water. Calcium sulphate alone crystallizes with water of 
crystallization. Gypsum is CaS04, 2H2O, and another hy- 
drate, 2CaS04, HgO, exists. The manufacture and setting 
of plaster of Paris depend on the reversible reaction 

2[CaS04, 2 H 2 O] ^ 2CaS04 H^O + 8H*0. 

Calcium sulphate is soluble in hot concentrated hydrochloric- 
acid solution, from which it crystallizes again on cooling in 
silky needles of CaS04, 2H2O. The sulphates of strontium 
and barium are not known to form crystallohydrates; stron- 
tium sulphate is slightly soluble, and barium sulphate almost 
insoluble, in concentrated hydrochloric acid. 

Calcium sulphate forms a double salt with potassium sul- 
phate, CaS04, K2SO4, HgO, in which a molecule of KaS04 
takes the place of a molecule of water in the dihydrate; and 
strontium sulphate also forms a compound with potassium 
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sulphate of somewhat doubtful composition, whilst barium 
sulphate is not known to combine with alkali sulphates. 
Calcium sulphate is soluble in concentrated ammonium-sul- 
phate solution, owing to the formation of a double salt, 
whereas strontium and barium sulphates are insoluble. This 
difference is made use of as a process of analytical separation. 
Each of these sulphates dissolves in concentrated sulphuric 
acid, acid sulphates of the type MH2(S04)2 being fprmed, 
which are decomposed by water. I 

Most of the facts concerning alkaline-earth sulphates re- 
corded in the preceding paragraphs illustrate the gradation 
of properties from calcium to barium, in accordance with the 
increase of electro-positiveness with rise of atomic num^r. 

Other Salts 

Of the other salts the carbonates and phosphates may be 
briefly noticed. 

Calcium carbonate as aragonite, strontium carbonate as 
strontianite, and barium carbonate as witherite are isomor- 
phous. The pure salts are almost but not quite insoluble 
in water. Pure precipitated calcium carbonate imparts an 
alkaline reaction to water, the very small amount dissolved 
suffering hydrolysis, thus; 

2CaC03 + 2H2O Ca(HC03)a + Ca(OH)2. 

The reactions by which the carbonates are precipitated 
from the chloride solutions by ammonium carbonate are re- 
versible, thus, e.g.: 

CaCla -h (NH4)2C03 ^ CaCOs + 2NH4CI. 

The precipitation is therefore rendered more complete by the 
use of excess of the carbonate solution; and, conversely, 
excess of ammonium chloride redissolves the precipitate. 
This reaction accounts for the incomplete precipitation of 
the alkaline-earth metals by ammonium carbonate, and is 
perceptible more especially with calcium compounds. 
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When calcium, strontium, or barium carbonate is suspended 
in water, and carbon dioxide is passed into the liquid, bicar- 
bonate is formed in solution. These solutions, on evaporation, 
decompose with loss of carbon dioxide and precipitation of 
carbonate, though unstable solid bicarbonates of calcium and 
barium are said to exist The solution of calcium carbonate 
in carbonic acid accounts for the temporary hardness of water. 
No reliable data are available to indicate the relative stabilities 
or solubilities of these bicarbonates. That they are less stable 
than the bicarbonates of the alkalis shows that the power of a 
metal to form bicarbonate depends upon electro-positiveness. 
The converse of this is manifested in the formation of basic 
carbonates, as in the case of magnesium and zinc. 

Of the phosphates, those of calcium are important. A 
solution of ordinary sodium phosphate, which is alkaline in 
reaction, precipitates normal or tribasic phosphate, Ca3(P04)2, 
from calcium-chloride solution, thus: 

SCaCla -f 2Na2HP04 -- Ca3(P04)2 4- 4NaCl -f 2HC1, 

which, on standing, is gradually converted into monohydrogen 
or dibasic calcium phosphate, CaHP04, thus: 

Ca3(P04)2 -f 2Ha - 2CaHP04 -f CaCh. 

This salt, which, when formed in the cold, crystallizes with 
2 molecules of water, is hydrolyzed by water into Ca3(P04)2 
and free phosphoric acid. 

Normal calcium phosphate itself is hydrolyzed on prolonged 
treatment with water into a more basic insoluble portion, and 
a more acidic portion, which dissolves, giving an acid solution. 
In this respect calcium presents a marked contrast to the 
alkali metals, for normal sodium phosphate is soluble in water, 
and is hydrolyzed, producing an alkaline solution, owing to 
the powerful basigenic properties of sodium. 

Normal calcium phosphate is the main constituent of bone 
ash. It is soluble in feeble acids, such as acetic, and even to 


•E. H. Keiser and others, y. Atner, Chem. Soc. ( 1908 ), 30, I7iif 17I4* 
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some extent in carbonic add; it is also soluble, like calcium 
carbonate, in certain ammonium salts. 

Tetra - hydrogen or monobasic calcium phosphate, 
CaH4(P04)2, is produced by the action of sulphuric acid on 
Ca3(P04)2, thus; Ca3(P04)2+2H2S04=CaH4(P04)2+2CaS04. 
The mixed product is superphosphate of lime. 

The nitrates and chlorates of these metals are soluble salts. 

Many salts of calcium, especially organic salts such as the 
acetate and butyrate, resemble the sulphate in being less 
soluble in hot than in cold water. They are therefore ob- 
tained crystalline by allowing their solutions to evaporate 
spontaneously at atmospheric temperature. \ 

ZINC, CADMIUM, AND MERCURY 

These metals are related to the metals of the calcium group 
in the same general manner as are copper, silver, and gold to 
those of the potassium group. As their positions in series 
may be taken to indicate, the resemblance between the sub- 
groups is not so well marked here as it is in the central groups. 
It is, however, better defined than in Group I, being shown 
by the preservation of the group valency of two. As already 
stated, magnesium forms the link between the alkaline-earth 
metals and the less positive metals of sub-group II B. These 
metals further differ from their analogues in sub-group A in 
forming volatile organo-metallic derivatives. With rise in 
atomic number the change here, as in Group I B, is from 
more to less electro-positive. Judged, however, by the 
properties of their hydroxides, zinc is less basigenic than 
cadmium. The relationship of mercury to cadmium is less 
close than that of cadmium to zinc, since the rare-earth 
metals intervene, and it will therefore be convenient to deal 
first with the chemical properties of the two former metals. 

Physical Properties. — ^The physical properties of the 
metals of Group II B show regular gradation. The densities 
increase whilst the melting- and boiling-points decrease with 
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increase of atomic weight, as is shown in the appended table. 
In the state of vapours, the molecules are all monatomic. 


Atomic weight. . 

Zn 

. . 65-37 

Cd 

112-40 

Hg 

200-6 

Density. . 

719 

8'7 

13-50 

Melting-point . . 

. . 412“^ 

320° 

-89*4° 

Boiling-point . . 

. . 920° 

778° 

360° 


The metals zinc and cadmium are associated with one 
another as sulphides in zinc blende, which is chiefly ZnS. 

In the reduction by means of carbon of the oxides, formed 
by roasting the sulphides, the more volatile cadmium passes 
over first, and is purified by redistillation. 

Both metals exhibit allotropy ,1 and on ignition in the air burn 
to the monoxides; they are slowly oxidized in ordinary moist 
air, but do not so readily decompose water on heating as does 
magnesium. When immersed in water containing oxygen 
and carbonic acid, zinc, like lead, is slowly converted into 
basic carbonate. These metals are readily attacked by acids; 
ordinary dilute acids, except nitric acid, evolve hydrogen. 
Zinc is dissolved by alkalis with evolution of hydrogen. The 
comparison of beryllium, magnesium, and zinc with reference 
to their behaviour towards nitric acid and alkalis is interesting. 
With nitric acid there is respectively no action, evolution of 
gases containing hydrogen, and evolution of gases not con- 
taining hydrogen; and with alkali, there is respectively solution 
with evolution of hydrogen, no action, and solution with 
evolution of hydrogen. From these latter facts it may be 
concluded that the rise in basigenic properties from beryllium 
to magnesium is followed by a fall from magnesium to zinc. 
It is singular that beryllium (with aluminium) and zinc, which 
behave similarly with alkalis, differ entirely in their behaviour 
towards nitric acid. 

The monoxides ZnO and CdO are basic, yielding the salts 

• The exact values for melting- and boiling-points of metals cannot as a rule be 
stated with certainty, since different observers have recorded different values. 
Generally the more commonly accepted values arc given. 

t Cohen, Proc. K. Akad. Wetensch. Amsterdam ( 1914 ), 17, 200 . 
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of the metals on treatment with acids, and correspond with 
the hydroxides Zn(OH)2 and Cd(OH)2. These cannot, how- 
ever, be prepared by the union of the oxides with water, but 
are obtained by precipitation of the soluble salts with alkali 
hydroxides. Zinc hydroxide differs from cadmium hydroxide 
in being soluble in caustic alkalis, just as zinc is soluble 
and cadmium insoluble in the same reagents ; unstable 
zincates, which readily hydrolyze on boiling their | diluted 
solutions, are formed in each case.* The crystallized zincates 
Na[Zn(OH)3], 3H2O, Na2[Zn(OH)4], 2H2O are known. 

The conclusion that cadmium is more basigenic than zinc, 
although in accordance with the general rule regarding Simul- 
taneous increase of metallic properties and atomic number, is 
not in agreement with the positions of the elements in the 
electro-potential series. Both zinc and cadmium hydroxides 
are soluble in ammonia. This is due, not to acidic properties of 
the hydroxides, but to the formation of complex “ ammines 
of the type [M(NH3) J(OH)2. 

The peroxides Zn02 and CdOg are formed when the hy- 
droxides are moistened with hydrogen-peroxide solution. 
They are thus superoxides, and are easily decomposed, giving 
off oxygen. The superoxides of magnesium, zinc, and cad- 
mium, are less stable than those of the alkaline-earth metals; 
thus the formation of stable superoxides is a criterion of the 
electro-positive or basigenic properties of a metal, 

Gadmous oxide and its Derivatives. — It was observed 
in the case of copper and gold, in Group I A, that two series 
of salts are known, namely, the cuprous and cupric and the 
aurous and auric salts; silver is remarkable for its almost 
constant univalency. Moreover, mercury, the last member 
of the sub-group now under consideration, forms two well- 
defined series of salts. It is of interest, therefore, to inquire 
whether zinc and cadmium form oxides and derivatives lower 
than the monoxides. Cadmium is known to form such com- 
pounds, but not zinc. When cadmic chloride is heated with 

• Some at least of the zinc hydroxide is probably present in the colloidal state. 
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cadmium, cadmous chloride is formed; and this, on treatment 
with water, gives a white precipitate of cadmous hydroxide, 
Cd2(OH)2, which, on gentle ignition, yields cadmous oxide as 
a yellow powder. 

The sulphides of zinc and cadmium are insoluble in water, 
and differ from the alkaline-earth sulphides in not being hydro- 
lyzed. They are precipitated from neutral-salt solutions by 
hydrogen sulphide, zinc sulphide being white, and cadmium 
sulphide yellow. Zinc sulphide is soluble in dilute mineral 
acids, though not in acetic acid; in order, therefore, to secure 
its complete precipitation by hydrogen sulphide, ammonia or 
ammonium acetate must be added in excess. Cadmium sul- 
phide, though less soluble than zinc sulphide, is dissolved by 
a large quantity of dilute hydrochloric or sulphuric acid. 

Neither of these sulphides is acidic. The fact that zinc 
sulphide does not dissolve in alkalis, while zinc oxide does, 
manifests the feebler electro-negative or non-metallic pro- 
perties of sulphur as compared with oxygen. 

Halides. — ^The halides of zinc and cadmium may be pre- 
pared by the direct union of the elements, as well as by the 
action of solutions of the halogen acids on the metals or their 
oxides or carbonates. These weak salts are solids which melt 
at moderately low temperatures, and may sometimes be boiled 
without decomposition, when they sublime in distinct crystals. 
They are all very soluble in water except the fluorides (cf. CaFj), 
and likewise dissolve more or less readily in alcohol and ether. 
Zinc chloride is a white deliquescent mass, which is a powerful 
dehydrating agent. It crystallizes with one or three molecules of 
water. When its solution is evaporated, hydrochloric acid is 
lost, and mixtures of basic chloride Zn(OH)Cl and hydroxide 
are formed (cf. MgCl2). Zinc iodide, when exposed to the air, 
deliquesces and absorbs oxygen, losing iodine. The halides 
of cadmium, in accordance with the more basigenic character 
of the metal, do not undergo this kind of change. 

The halides, as might be anticipated from their other pro- 
perties, form numerous double salts with alkali halides. They 
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also combine with ammonia, forming, e.g. ZnClg, 2NH3* and 
CdClg, 2NH3, and likewise, with hydroxylamine, forming the 
compounds ZnClg, 2NH2OH and CdCIg, 2NH2OH. 

A characteristic of the halides of cadmium, which is further 
shown in the halides and other compounds of mercury, is 
the small degree of their electrolytic dissociation in aqueous 
solution. The stability of these halides towards water is 
probably due partly to this cause. The above property may 
be illustrated in the case of cadmium iodide by adding potas- 
sium iodide solution to water in which cadmium hydroxide 
is suspended. The following reaction takes place: 

Cd(OH)2 + 2 KI Cdl2 + 2 KOH, ^ 

and the cadmium iodide then forms the auto-complex halide 
Cd[Cdl3]2, in which some of the cadmium is protected from 
the KOH so that the solution becomes alkaline. 

Carbonates. — ^When alkali carbonates act on solutions of 
zinc or cadmium salts, basic carbonates of varying composition 
are formed. Normal zinc carbonate is known as the mineral 
calamine, and also is precipitated from solutions of zinc salts 
by potassium hydrogen carbonate, that is, when excess of 
HCO3' ion is employed so as to prevent hydrolysis. Thus 
zinc carbonate resembles magnesium carbonate in properties, 
though in accordance with the less basigenic character of zinc 
the normal carbonate is not obtained from solution like hydrated 
magnesium carbonate. Cadmium carbonate is formed by 
adding ammonium carbonate to cadmium chloride solution. 

Of the sulphates, that of zinc, ZnSO^, THgO, is isomorphous 
with magnesium sulphate. Its solution in water differs from 
that of magnesium sulphate in possessing an acid reaction due 
to incipient hydrolysis. A basic salt is produced by ignition, 
with loss of sulphur dioxide and oxygen. Cadmium sulphate 
departs from the form presented by magnesium and zinc sul- 
phates, its crystals consisting of 3CdS04, SHgO, or CdS04,H20; 

• Probably the ammonia is associated with the cation thus: [Zn(NH,)JCl,; but 
for a discussion of these and allied compounds, see end of Chapter XII. 
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CdS04, THjO exists, however, at low temperature. Its cold 
aqueous solution has a neutral reaction, but becomes faintly 
acid when boiled. Zinc sulphate forms double salts of the 
type ZnS04, M2SO4, eH^O, where M = K, NH4, Rb, Cs, 
Tl; cadmium sulphate forms similar, isoraorphous, double 
salts. 

Zinc sulphate forms ammoniacal compounds, such as ZnS04, 
2NH8, HjO, whilst the anhydrous salt absorbs ammonia, yield- 
ing ZnS04, 5 NHa. Cadmium sulphate likewise forms com- 
pounds with ammonia. 


MERCURY 

Mercury, like gold and thallium, forms two series of com- 
pounds: the mercurous corresponding with the oxide HgjO, 
and the mercuric corresponding with HgO. It differs in 
this respect from the other members of Group II, excepting 
cadmium, which forms the cadmous salts; but this characteristic 
finds many parallels in other groups. In most other cases of 
elements forming more than one series of compounds, the 
different series owe their existence to a variation in the active 
valency of the element. In the case of mercury, however, 
this is probably not the case. Mercurous chloride, when 
vaporized under ordinary circumstances, is completely dis- 
sociated into mercuric chloride and mercury; but when dried 
most carefully gives, according to Baker,* a vapour of the 
molecular composition Hg2Cl2, in which the metal is bivalent. 
It is probable, therefore, that the difference between mercurous 
and mercuric compounds is to be referred to a difference in 
the mass rather than the valency of the metallic radicle in the 
two cases. As will be seen later, mercurous in some respects 
resemble cuprous compounds. 

Besides forming two well-defined series of compounds, mer- 
cury differs from zinc and cadmium in the ease with which its 
oxide HgO decomposes by heat; recalling in this respect its 


• Chem, Soc. Trans. ( 1900 ), 77 , 646 . 
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predecessors in series, osmium, iridium, platinum, and gold. 
Thus mercury occurs native, and its chief natural compound, 
cinnabar, or mercuric sulphide, easily yields the metal on simply 
heating in the air, 

HgS -> HgO -> Hg. 

Mercury is undoubtedly less electro-positive than cadmium 
or zinc, as is shown by the relative position of the elements 
in the electro-potential series; it is also less basigenic, asljudged 
by comparison of the general chemical properties of the three 
elements. Thus mercury does not displace hydrogen from 
dilute hydrochloric and sulphuric acids, behaving, in this re- 
spect, similarly to copper. Indeed mercury is eveny less 
electro-positive than copper, as is shown by its displacehient 
from salt solutions by the latter metal. 

Mercurous Compounds 

The oxide HgaO was considered to form as a black powder 
when alkali hydroxides are added to mercurous salts. Analysis 
of various preparations by X-rays, however, has shown the 
presence of mercuric oxide and free mercury, hence its exis- 
tence is doubtful. No mercurous hydroxide is known. In 
these respects, therefore, mercury differs from copper. 

Mercurous sulphide, Hg 2 S, has been obtained at —10° C. 
by the action of dry hydrogen sulphide on mercurous chloride, 
but is decomposed at 0° C. to give mercury and mercuric 
sulphide. This mixture also results when hydrogen sulphide 
acts on solutions of mercurous salts. 

Of the halides, mercurous chloride, HggClg or calomel, 
which is volatile, is prepared by heating together mercuric 
chloride and mercury, or a mixture of mercuric sulphate and 
mercury with sodium chloride. It may be obtained in quad- 
ratic plates, and is fairly stable towards water, probably on 
account of its extremely small solubility. When, however, 
it is boiled for a long time with water, or with concentrated 
hydrochloric acid, some passes into solution as mercuric 
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chloride, while mercury is precipitated. This illustrates a 
tendency towards the same manner of decomposition that 
characterizes the oxide, and which is further illustrated by 
the dissociation which this compound undergoes when heated. 

Mercurous bromide, HggBrg, and iodide, Hggig, are 
similar in properties to the chloride. Both may be obtained 
crystalline; the bromide is white and the iodide yellow. 
The greenish precipitate generally obtained on adding potas- 
sium-iodide solution to a mercurous salt contains finely divided 
mercury.* Mercurous fluoride, in contrast to the other halides, 
is soluble in water, and readily undergoes hydrolysis. 

Mercurous sulphate, Hg 2 S 04 , formed as a white crystalline 
powder by the action of concentrated sulphuric acid on excess 
of mercury, is almost insoluble in water, and is precipitated by 
adding sulphuric acid to a solution of mercurous nitrate. It 
is faiily stable towards heat, melting unchanged, but is hydro- 
lyzed by water, with production of basic sulphate. 

Mercurous nitrate, Hg 2 (N 03 ) 2 ,H 20 , is formed when cold, 
dilute nitric acid acts on mercury. Water partially hydrolyzes it. 

Mercurous carbonate, HgoCO^, is precipitated as a yellow 
powder when potassium hydrogen carbonate is added to a 
solution of a mercurous salt. As might be anticipated, it 
easily loses carbon dioxide when gently heated, and leaves 
a mixture of mercuric oxide and mercury. If a solution of a 
normal carbonate is used for the precipitation, decomposition 
takes place at atmospheric temperature, so unstable is mer- 
curous carbonate. A comparison with the carbonates of zinc 
and cadmium further illustrates the inferior electro-positive- 
ness of mercury. 

Mercuric Compounds 

Mercuric oxide, HgO, is precipitated from solution of a 
mercuric salt, by excess of alkali hydroxide, as a yellow powder. 

• This is formed by the decomposition of in presence of excess of KI, thus: 

Hg,I, + 2KI - K,HgI« -f Hg. 

If the Kl solution is dilute, the precipitate is yellow, and consists only ot Hgtli! 
if KI is added in excess, only mercury remains in the precipitate. 

(Dl70) 


8 
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Probably the hydroxide is first formed, but is exceedingly un- 
stable. The oxide varies in colour from yellow to red; when 
precipitated from hot solution it is orange, and when obtained 
by the ignition of the nitrate or of the metal in air, it is red 
and distinctly crystalline. The difference in colour probably 
depends on the state of subdivision, that which is most finely 
divided being most active chemically; the yellow variety is 
employed in preference to the red, for instance, in the pre- 
paration of chlorine monoxide and hypochlorous acidl The 
yellow form passes into the red at 400*". It is slightly soluble 
in water, giving an alkaline reaction, but also seems to pWsess 
very feebly acidic properties. It is decomposed into meifcury 
and oxygen when strongly heated, first turning black. It \hm 
closely resembles silver oxide in chemical properties. 

Mercuric sulphide, HgS, which occurs naturally as cinna- 
bar, is formed eventually as a black amorphous precipitate, 
when hydrogen sulphide gas is passed through a solution of a 
mercuric salt, unstable combinations of sulphide and other 
salt being first produced. Whilst mercuric oxide appears to 
possess no acidic properties, the sulphide is very feebly acidic. 
This is manifested by its solubility in concentrated alkali 
sulphide and polysulphide solutions, whilst it is insoluble in 
the corresponding hydroxides. Unstable thiosalts are pro- 
duced when mercuric sulphide is dissolved, thus: 

HgS 1- K,S Hg(SK)„ 

but these are decomposed by dilution and boiling. A red 
crystalline variety of mercuric sulphide, known as vermilion, 
is more stable and less soluble than the black form. On this 
account, and because of the solubility of the sulphide in potas- 
sium sulphide, contact with a solution of the latter gradually 
converts the black into the red variety. When either form 
is heated and the vapour quickly condensed a black sublimate 
is obtained, according to the rule that the less stable form is 
first produced. This, however, is converted into the red form 
by the mechanical agitation of scratching. As might be 
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expected, cinnabar, the natural form of mercuric sulphide, 
consists of the more stable red kind. 

Mercuric chloride, HgC^, prepared by sublimation of a 
mixture of mercuric sulphate and sodium chloride, crystal- 
lizes in needles, is soluble in water and very poisonous, and is 
known as corrosive sublimate. The aqueous solution of this 
salt possesses a but faintly acid reaction and shows no signs 
of hydrolysis. It thus differs from the mercuric oxysalts, 
which are freely hydrolyzed by water. The chloride does not, 
however, behave like the alkali and alkaline-earth chlorides, 
since it is soluble in alcohol and ether. Moreover, by a de- 
termination of its electric conductivity it is proved to be but 
slightly ionized; this may be due to the formation of an auto- 
complex such as Hg[HgCl 4 ], and is the cause of its stability 
towards water. It is also stable towards strong sulphuric 
acid, like non-metallic chlorides, and is more soluble in strong 
hydrochloric acid than in water, owing to the formation of the 
compound HHgClg. It also readily forms double salts with 
alkali chlorides such as KCl, HgClg, HgO, and 2KC1, HgClg, 
HgO. When mercuric oxide is shaken with potassium chloride 
solution, the liquid becomes alkaline by the following reaction: 

HgO -} HaO 4- 2KCI ^ HgCl* -f 2KOH; 

the cause of which is the slight ionization of mercuric chloride, 
or the formation of an auto-complex. Conversely, the pre- 
cipitation of mercuric oxide from the chloride solution by 
alkali hydroxide is never quite complete. 

Various basic chlorides are known. 

Mercuric chloride is easily reduced to mercurous chloride 
in aqueous solution, for instance, by oxalic acid: 

2HgCla 4- H*C,04 - HgaCl, 4- 2HC1 4- 2CO,. 

When stronger reducing agents, such as stannous chloride, are 
employed, metallic mercury is eventually produced. 

The properties of mercuric bromide call for little remark. 
It is white, and sparingly soluble in water, being ionized to 
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a less extent than the chloride, and more easily forming com- 
plex salts. 

Mercuric iodide exists in two forms, being enantiotropic^ 
like the sulphide. The red form is the more stable at ordinary 
temperature, but above 128 ° the stability of the yellow form 
is greater. It is very slightly soluble in water, being pre- 
cipitated when potassium iodide is added to a solutiop of a 
mercuric salt. Whether produced by precipitation oj* sub- 
limation the less stable yellow form first appears, but gradually 
changes into the more stable red form. This salt is readily 
soluble in alcohol. It also combines with potassium iodide, 
forming the compound K2Hgl4, consisting of lemon-y^low 
crystals. This compound contains the stable ion Hgl4", and 
exists in Nessler’s solution together with potassium hydroxide, 
not being decomposed by this substance. 

Mercuric cyanide, Hg(CN)2, was obtained by Scheele by 
boiling water with Prussian blue and mercuric oxide, thus: 

Fe 4 [Fc(CN)fl]s -1- 9HgO - 9Hg(CN)2 + 2 Fe 203 4 3FeO, 

this reaction, like that between mercuric oxide and potassiiim 
chloride, being due to the slight ionization of the mercuric 
salt, which, as soon as formed, ceases to participate in the 
reaction. The cyanide solution is indeed practically a non- 
electrolyte, and is not precipitated by alkali carbonate or 
hydroxide solution, nor is the solid cyanide decomposed by 
dilute sulphuric acid; hydrogen sulphide, and the halogen 
acids, however, decompose the salt. The fact that mercuric 
cyanide is even less ionized than the halides is connected with 
the feebly acid nature of hydrocyanic acid itself. This salt 
yields mercury and cyanogen gas when heated, and forms 
various basic and double salts. 

Mercuric sulphate and nitrate, obtained by the action of 
the concentrated acids on mercury, are rapidly hydrolyzed by 
water. The sulphate thus produces the yellow “ Turpeth 
mineral ” Hg3S06, 

3 HgS 04 + 2H2O - HgS04 *2Hg0 + 2H2SO4, 
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which is sometimes considered to be the orthosulphate, that is, 
a derivative of S(OH)0. The nitrate in contact with water 
gives rise to the basic salt Hg(N03)2, 2 HgO, and finally the 
oxide. Only basic carbonates are known, but these are not 
completely hydrolyzed by water. 

Ammoniacal Mercuric Compounds 

When ammonia is added to a solution of mercuric chloride, 
a white precipitate is obtained which is not mercuric hydroxide 
but contains nitrogen and chlorine, and has the composition 
HgClNHa*, with mercurous chloride a black powder results, 
but this may be shown to be a mixture of a nitrogenous mer- 
curic compound and metallic mercury; such nitrogenous 
mercurous compounds probably do not exist. 

Further, when precipitated mercuric oxide is suspended in 
dilute aqueous ammonia, a pale-yellow powder is formed, 
which is called Millon’s base, and has the composition 2 HgO, 
NHg. From this compound is derived a chloride having the 
composition HgO, HgClNHa, and a corresponding iodide 
HgO, HgINHg, which is the substance formed in Nessler*s 
test for ammonia. 

The compound HgClNHg is called “ infusible precipitate 
and when this substance is boiled with ammonium chloride 
solution NH4CI is added to the molecule, and HgC^, 2NH3, 
which is “ fusible precipitate ”, is formed. This compound 
is also produced by the action of gaseous ammonia on mercuric 
chloride; it is a true ammine, [Hg(NH3)2]Cl2. 

There exist also the compounds HgClj, HgClNHg and 
SHgClg, 2NH8;'"' as well as the nitride N2Hg3, which results 
from the action of dry ammonia on mercuric oxide at 130 ®, 
as an explosive compound, decomposed by alkalis with evolu- 
tion of ammonia. 

Apparently there is more than one type of mercuriammonium 
compound, and it is improbable that these substances can be 


* Miss M. C. C. Holmes, Chem, Soc. Tram. (1918), 1 13 , 74. 
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represented as derivatives of the dimercuriammonium radicle 
(NHgj) as was formerly supposed.* They are classified as 
follows: f 

1. Additive compounds of mercuric salts and ammonia, i.e. 
mercuric ammines. Of this class “ fusible precipitate ”, 
HgClt, 2 NH 3 , is the best known example. 

2. Ammonolyzed compounds, i.e. derivatives of mercuric 
salts containing the ammonia residues NHj, NH, or N, ffjrmed 
by ammonolysis (analogous to hydrolysis) thus: 

HgX, + HNH, = HgXNH, + HX 
c.f. HgX, + HOH = HgXOH + HX. 

“ Infusible precipitate ” (ammono-basic mercuric chloride), 
HgClNHj, and the nitride HgjNj are examples of this class. 

3. Compounds which are both hydrolyzed and ammonolyzed; 
e.g. Millon’s base, HO * Hg * 0 • Hg • NHj, and the corresponding 
chlorideandiodide.Cl-Hg-O-Hg'NHjandl-Hg-O-Hg-NHj. 
These compounds may, however, be alternatively represented 
thus:J 

HO-Hg-NH-Hg-OH; CI-Hg-NH'Hg-OH: I-Hg-NH'Hp’OH, 

The above compounds arc connected together by the follow- 
ing reversible reactions: 

ClHg-0-HgNH, -I- NHiQ - 2ClHgNH, + H,0 
ClHgNH, + NH4C1 - HgCl„ 2NH,. 

Although obtained in the presence of water they are related 
to similar compounds of other elements which are formed 
only when liquid ammonia is the solvent (see p. 355). 

• Rammelsberg (J. pr. Chem.t 1888 (ii), 38, 563). Pesci {Gazzetta^ 1889, 10. 509; 
1890, 20, 485). Gaudechon {Ann. Chim. Phys.^ 1911 (viii), 22, 145). Hofmann and 
Marburg {Zeit. anmg. Chem., 1899, 23, 126). Franklin {Amer. Chem, J., igia 
361). 

t Mjm Holmes, loc. cu. 


X Franklin, loc. Hi. 
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CHAPTER VII 
GROUP III 


Sub-group A 


Sub-group B 


21 Sc (45- 1) 
39 Y (89-33) 
57 La (139 0) 


; 5 B (10-9) 
.13 A1 (274) 


•31 Ga (701) 
:49 In (114-8) 
181 T1 (204-0) 


Boron and aluminium, the typical elements of this group, 
are more nearly related to the elements of sub-group B than 
to those of sub-group A. These two elements, together with 
gallium, indium, and thallium, will therefore be considered as 
constituting sub-group B. 


THE RARE EARTH ELEMENTS 




Had. of ion 

Colour of 


At. Wt. 

M ” (A.U.) 

ion M*’* 

68 Cerium (Ce) 

140-26 

1-18 

colourless 

69 Praseodymium (Pr) 

140-9 

1-16 

green 

60 Neodymium (Nd) 

144-3 

1-15 

rose 

61 Illinium (11) 




62 Samarium (Sm) 

160-4 

1-13 

yellow 

63 Europium (Eu) . . 

162-0 

1-13 

pale pink 

64 Gadolinium (Gd) 

167-3 

1-11 

colourless 

66 Terbium (Tb) . . 

169-2 

1-09 

colourless 

66 Dysprosium (Dy) 

162-6 

1-07 

yellow 

67 Holmium (Ho) . . 

163-6 

1-06 

yellow 

68 Erbium (Er) 

167-7 

1-04 

pink 

69 Thulium (Tm) . . 

168-5 

1-04 

green 

70 Ytterbium (Yb) . . 

173-6 

1-00 

colourless 

71 Lutecium (Lu) . . 

176-0 

0.99 

colourless 


The elements, scandium, yttrium, and lanthanum, which 
are placed in sub-group A, are three of the seventeen elements 
commonly called the rare earth elements, the tabulation of 
which was for long a problem, since, in spite of their decided 
tervalency, they could not all be accommodated in Group III. 
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The above reactions are represented graphically by Ray in 
(a) or, following Stock, by (6); 


(a) H* B— OH 

II 

H*-B— OH 



B— OH I 2 B--0 

11 II I 

B— OH B— O 

B— OH I 2 B--0 

II -> I 

B— OH B-=0 


When the proportion of boric anhydride to magi|esium is 
increased the reaction between these substances a^ears to 
take another course. Thus when 3*5 parts of boric anhydride 
are heated with 1 part of magnesium, and the product is 
extracted with water, the aqueous extract contains thfe com- 
pound MgB40e, to which there corresponds a potassium salt 
K2B40 (j, and the acid H2B40g. The oxide B4O5 and the 
corresponding acid H2B40e are believed to be constituted 
thus: 


B—0— B— B—O—B TB— O— B—B—O—Bl 

and 11 11 II II 2H+. 

o o o Lo o o oj 


Hypoborates 

It has been remarked above that when BgHg or B4HU, 
dissolves in alkali, hypoborate is formed. The following 
reactions occur: 

BaHe -f- 2KOH - 2KOBH8 + H* 

B^Hjo + 4KOH - 4 KOBH 3 + H*. 

The potassium salt may be obtained in octahedral crystals by 
carrying out the reaction at 0° and drying the product in a 
vacuum. It is a powerful reducing agent. Boron is believed 
to be 4 -covalent here, and the salt is believed to have the 
constitution: 



2K+. 
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ALUMINIUM, GALLIUM, AND INDIUM 

These three metals form a group whose members arc closely 
related, the variation in properties being in accordance with 
the provisions of the periodic law. It is interesting to recall 
that by the application of these provisions Mendeleeff was able 
to indicate the properties of his eka-aluminium, subsequently 
realized in the element gallium. From the analogy of the 
second group, gallium would be expected to be somewhat less 
electro-positive than aluminium, just as zinc is less electro- 
positive than magnesium, and this is actually the case. 

Aluminium is very plentiful in nature, both as oxide and 
in many common silicates. Gallium and indium are widely 
distributed, but in minute quantities, and chiefly in zinc 
blendes. 

Aluminium oxide is reducible only by electrolysis, or at the 
temperature of the electric furnace, or else by the use of 
sodium; but the oxides of gallium and indium are easily re- 
duced when heated in a current ot hydrogen. Aluminium 
boils at a high temperature (2330"' C.), but its salts do not 
colour the non-luminous gas flame, though a characteristic 
spectrum is revealed by the use of the electric arc or spark. 
Gallium compounds colour the non-luminous gas flame slightly, 
and the spark spectrum contains two violet lines. Indium 
and its compounds give a characteristic dark-blue colour to 
the non-luminous gas flame, which shows a well-defined spec- 
trum. It was by means of spectrum analysis that the two 
latter metals were discovered. 

None of these metals in the ordinary state is easily acted 
on by water, though aluminium in the form of amalgam, when 
the protection due to superficial oxidation is prevented, is 
gradually changed into hydroxide by contact with water, or 
moist air. Dilute hydrochloric and sulphuric acids dissolve 
all three metals; indium is readily attacked by nitric acid; 
dilute nitric acid slowly dissolves aluminium, and also gal- 
lium, with evolution of nitric oxide; but concentrated nitric 
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acid is almost without action on aluminium. Aluminium and 
gallium, being acidigenic, easily dissolve in alkali-hydroxide 
solutions, forming aluminates and gallates. Aluminium, being 
more acidigenic than zinc, similarly placed in Group II, is able 
to displace the latter, from its solution in alkalis. 

The Halides j 

Halides of the group type M *X3 are known in the ^ase of 
all three metals, and in addition gallium forms a dicmoride, 
GaClg, and indium the chlorides InCla and InCl. 'Fh^is the 
tendency to form compounds of lower valency than that of 
the group type, which was observed in Group II B, appears 
again here. The trihalides are all solid substances, though 
volatile. 

Aluminium fluoride, AIF3, is less volatile than the other 
halides of this metal, and is scarcely soluble in water. It 
furnishes another example of the exceptional properties of 
fluorides (cf. AgF, CaFg, HgFg). It dissolves in aqueous 
hydrofluoric acid, forming hydrofluoaluminic acid, H 3 AIF 0 , 
the sodium salt of which occurs as the mineral cryolite. 

The trichlorides all possess properties characteristic of the 
halides of elements of metalloidal character. Thus they are all 
volatile, their boiling or subliming points being approximately 

AlCl, GaCls InCl, 

183 ^ 220 ° 600 ° 

Aluminium chloride shows a vapour density correspond- 
ing to AIjCIq at 2U0°-400°; at higher temperature it dissociates, 
and at 800° the vapour density corresponds to AICI3. This 
compound is easily soluble in alcohol and ether; it forms 
double compounds with ammonia and with metallic halides, 
for instance, Na[Cl— vAlClg], which is volatile; it also com- 
bines with certain acid chlorides, such as phosphorus penta- 
chloride and oxychloride, and with the chlorides of organic 
acids. This property explains the use of aluminium chloride 
in Friedel and Crafts’ method for synthesis of ketones. In 
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this process the acid chloride first unites with aluminium 
chloride, thus; 

CeHg • CO • Cl + Aids = CeHg • CO • Cl * Aids, 

the product then reacting with benzene to form a crystalline 
compound with evolution of hydrochloric acid: 

CeHfi • CO • Cl • AICI3 + CsHo - CaHs • CO • CeH^ • AICI3 + HCL 

When this compound is decomposed by water the ketone 
results. 

This explanation does not appear to suffice for the synthesis 
of benzene homologues from alkyl chlorides and benzene by 
means of aluminium chloride. 

Ferric chloride acts similarly to aluminium chloride, though 
less efficiently. 

All the trichlorides are acted on by water, fuming in moist 
air. When aluminium chloride separates from solution in 
excess of hydrochloric acid, it forms AICI3, 0H2O, which on 
heating gives the oxide and hydrochloric acid. The solutions 
of the chlorides in pure water easily lose hydrochloric acid on 
evaporation, with formation either of basic salts or the oxides. 
The reaction 

MCI3 + JIHaO M(0H)3 f JIHCI 

is a reversible one, on account of the intermediate character 
of the compounds of these metals. A similar reaction is 
characteristic of arsenious chloride and hydroxide. 

This hydrolysis is further well shown by the behaviour 
of the soluble basic chlorides of aluminium on dialysis, when 
a pure suspension* of colloidal aluminium hydroxide, the 
hydrosol of alumina, is formed. 

Aluminium tribromide and tri-iodide, AlBrg and AII3, 
are similar to the trichloride; they are both volatile, and the 
vapour of AII3 is combustible. They both form crystallo- 
hydrates like the chloride, containing six molecules of water, 
which are similarly decomposed by heat. 

• See note, p. 226. 
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The iodide, like boron tri-iodide, is capable of entering into 
metathesis with certain chlorine compounds; e.g. 

4A1I8 + 3 CCI 4 = 3 CI 4 -f 4A1C18. 

Lower Chlorides of Gallium and Indium 

When gallium trichloride is heated with gallium, and when 
indium is heated in anhydrous hydrochloric acid, f:he di- 
chlorides GaClg and InClg are formed respectively, jlndium 
dichloride, reacting with metallic indium, yields the Volatile 
monochloride InCl. By the action of water both the\ lower 
chlorides of indium give the metal and the more stable tri- 
chloride: \ 

3lnCla - 2InCl3 + In; 3lnCl - InClg + 21n. 

Oxides and Hydroxides 

These are of the group type M*“2055 and M'"(OH)3, together 
with intermediate compounds. A peroxide of aluminium, 
AI2O4, is known; and the oxide 10304, formed by strong igni- 
tion of 10303. 

The sesquioxides, all of which are formed when the 
hydroxides and salts of volatile oxyacids are heated, differ 
from one another in some important respects. 

Gallium and indium sesquioxides, in contrast with alu- 
minium sesquioxide, are both easily reduced by carbon and 
hydrogen, and do not on strong ignition pass into forms 
insoluble in acids, as does aluminium oxide. 

The hydroxides, precipitated by ammonia from their salts, 
are all colloids, and as such pass into colloidal suspension* 
in water. Aluminium hydroxide, for example, can exist in a 
solid form as hydrogel, and in colloidal suspension as hydrosol, 
this latter form being obtained by the dialysis of an aqueous 
solution of aluminium chloride. The hydrosol form of alumi- 
nium hydroxide is converted into the hydrogel form by the 
addition of ammonium chloride; presence of this reagent, 

• What is commonly called a solution of a colloid is in reality a suspension. Such 
a ** solution ** does not possess the physical properties of a dilute solution. 
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therefore, secures the complete precipitation of aluminium 
hydroxide by ammonia. 

Precipitation produces y-Al(OH)3, hydrargillite, which is 
easily soluble in dilute acids, but on standing or boiling with 
water forms the less soluble, y-AlO(OH), bohmite, a main 
constituent of bauxite. Complete dehydration produces 
y-AlgOg. A parallel, more compact and stable a-series exists: 
thus a-AlO(OH) is diaspore, a-AlgOQ is corundum. Ferric 
oxide and its hydroxides yield two similar series. 

The hydroxides of aluminium, gallium, and indium possess, 
in addition to their feebly basic, feebly acidic properties. Thus, 
whilst they all yield solutions of their salts with excess of acid, 
they are all soluble in alkali hydroxides; gallium hydroxide 
is also soluble in ammonia, from which it appears to be more 
acidic than its congeners, a conclusion which is confirmed by 
the more ready hydrolysis of gallium salts. Of the alkali salts 
thus produced, the aluminates are best known. 

The question has been discussed * whether a solution of 
aluminium hydroxide in alkali contains chiefly or only alumi- 
nate, or whether the alkali remains for the most part uncom- 
bined, and serves only to retain the alumina in the state of 
colloidal hydrosol. It has been found from a study of vari- 
ation of hydroxidion concentration when sodium or potassium 
hydroxide is added to aluminium chloride solution, that three 
times as much alkali is needed to precipitate completely the 
hydroxide as is subsequently required to dissolve it. This 
points to the following reactions taking place: 

AICI3 -f 3NaOH - A1(0H)3 + 3NaCl 
A1(0H)3 f NaOH = NaAlO* -f 2 H 2 O; 

so that A1(0H)3 does not remain in the free hydrosol condition. 
Moreover, a number of solid aluminates have been obtained, 
the alkali salts conforming to the type M’AlOg. MgAl204 
occurs as the mineral spinelle. 

• Hildebrand, y. Amer. Chem. So:. (1913). 35 , 864. Blum, J. Amer. Chem. Soc 
(1913), 35 , 1499; (1914), 36 , 2383. 
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According to another view* aluminates are additive com- 
pounds, e.g. NaOH, Al(OH)3, or rather salts of aquoaluminic 
acid H[A1(0H)4], the formation of the aluminic acid ion 
being thus represented: 

A1(0H)3 -f OH' AKOH)/. 

Solutions of alkali tartrates, citrates, and malates iprevent 
the precipitation of aluminium hydroxide by alkali hy(lroxide. 
This phenomenon, which is analogous to that presetted by 
cupric and iron salts, is due to the formation of complex 
acidic ions. When alumina is fused in the oxy-hy^;irogen 
flame with small quantities of chromic oxide, and ^ith a 
mixture of ferrosoferric oxide and titanium oxide, artificial 
ruby and sapphire are produced respectively. 

Aluminium hydroxide combines with various organic dye- 
stuffs, forming “ lakes 


Sulphates 

The sulphates of these three metals of the type M‘**2(S04)3 
are formed by the action of excess of sulphuric acid on the 
oxides or hydroxides; they are all very soluble in water, and 
suffer hydrolysis, easily giving rise to basic salts. 

Aluminium sulphate, Al2(S04)3, ISIigO, crystallizes in 
lustrous scales. Its aqueous solution reacts acid, and dissolves 
magnesium with evolution of hydrogen; various basic sul- 
phates have been described, e.g. Al20(S04)2. 

Alums, possessing the general formula M*2S04, R“*2(S04)3, 
24 :H 20 , are formed by the sulphates of these metals, and are 
less soluble in water than the single salts. They are isomor- 
phous, crystallizing in regular octahedra; similarly constituted 
alums are also formed by ferric, chromic, and manganic and 
other sulphates, and also by analogous selenates. The stability 
of these double sulphates, as well as their insolubility in 
water, increases with increase of electro-potential difference 

* Pfeiffer Ber* (1907). 40 , 4036. Heyrovskyp Chem, Soc, Trans* (1920), 117 , 1073. 
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between the metals, as was pointed out in Chapter V, page 162. 
When dissolved in water, alums break up more or less into 
mixtures of the single salts. Alkali, added to alum solution 
till a precipitate is about to be formed, produces “ neutral 
alum ” from which, on heating, the basic double salt K2SO4, 
Al2(S04)3, 4A1(0H)3 separates. Of pseudo-alums of the type 
M**S04, Al2(S04)3, 24H2O, the ferrous salt is well known. 
The salt MnS04, Al2(S04)3, 22H2O also exists. 

Other Salts 

Of the other salts, the nitrates are soluble in water, that of 
aluminium being decomposed at 15()‘\ leaving the oxide. 
Aluminium Phosphate, AIPO4, is easily soluble in dilute 
hydrochloric, and sparingly soluble in dilute acetic acid. On 
boiling the latter solution a basic salt is precipitated. 

None of these metals yields a carbonate; alkali carbonates 
precipitate the hydroxides. Similarly, the sulphides are not 
formed in the wet way, hydroxides resulting when alkali 
sulphides act on the salt solutions. Indium sulphide, IngSg, 
however, is formed as a yellow precipitate when hydrogen 
sulphide is passed through a neutral indium-salt solution. 

THALLIUM 

Thallium, the element of highest atomic weight of the 
group, occurs associated with varieties of pyrites in zinc ores, 
with potassium in carnallite and sylvine, and with silver and 
copper in the mineral Crookesite. Like gallium and indium 
it owes its discovery to spectrum analysis, and like them it is 
easily reducible from its oxides or salts, being usually precipi- 
tated from a solution of its sulphate by zinc. 

In physical properties thallium closely resembles its suc- 
cessor in series, lead. It has a bluish, lead-like tint, is soft 
and malleable but not tenacious, and marks paper. It has a 
density of 11-85, exists in two enantiotropic forms with a tran- 
sition temperature of 226°, melts at 302°, and is volatile in a 
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stream of hydrogen; lead with a density of 11*34: melts at 
326° and is also somewhat volatile. Thallium colours the non- 
luminous gas flame bright green, its spectrum consisting of a 
single green line. In this respect it resembles the alkali 
metals. 

The mode of natural occurrence of thallium, together with 
such varied elements as zinc, potassium, and silver or copper, 
as well as its physical properties and the position assigned to 
it in the periodic classification, make the discussion \ of the 
chemical properties and analogies of this element a matter of 
more than usual interest. \ 

Gold and mercury, occupying positions in Groups I and 
II analogous to that occupied by thallium in Group\ III, 
present two series of compounds: the aurous and auric, and the 
mercurous and mercuric compounds respectively. Thallium 
likewise forms thallous and thallic compounds of the same 
types as the aurous and auric derivatives. Now whilst gold, 
and to some extent mercury, show the feeble reactivity which 
is specially characteristic of the eighth group, so that their 
compounds, especially those of lower valency, are somewhat 
unstable, the thallous compounds exhibit no such property. 
These compounds, therefore, are not very similar to the 
aurous compounds, but resemble instead the compounds of the 
alkali metals in Group I A, being ionized to about the same 
extent in aqueous solution. This resemblance, however, 
although important, does not exhaust the analogies of thallous 
compounds. 

The neighbours of thallium in Groups II and IV are mer- 
cury and lead respectively, and it has already been seen that 
metallic thallium resembles lead. Thallous salts also resemble 
mercurous and silver, and especially lead salts. Thallic salts, 
although typical of the third group, of which thallium is a 
member, are rather unstable; they somewhat resemble auric 
compounds. 

All these relationships will be made plain in the study of 
the compounds of thallium which follows, this metal afford- 



GROUP III 


231 


ing one of the most remarkable illustrations of the variation 
of chemical character with variation of valency. 

Thallous Compounds 

Thallium gradually oxidizes in moist air, forming, when 
carbon dioxide is absent, the hydroxide TlOH, and when it 
is present forming the carbonate TlgCOg. On account of this 
oxidation, the grey mark made by the metal on paper gradually 
disappears on exposure to air. 

Thallous hydroxide crystallizes from a strong solution, 
which may be prepared by acting on a solution of the sulphate 
with the requisite amount of barium hydroxide, in yellow 
crystals, TlOH, HgO, which lose all their water at 100°, leav- 
ing thallous oxide, TlgO, as a brown powder. The hydroxide 
is regenerated from the oxide by means of water; its solution 
in water is strongly alkaline, and absorbs carbon dioxide from 
the air. In these respects thallous hydroxide resembles the 
alkali hydroxides; it is, however, less stable than these, as the 
effect of heating it shows. 

Thallous sulphide, TlgS, differs from the alkali sulphides 
in being insoluble in water; it is formed as a black precipitate 
on passing hydrogen sulphide into a neutral solution of 
thallous sulphate, but the precipitation is incomplete since the 
sulphide, like zinc sulphide, is soluble in dilute mineral acids. 
It is insoluble in alkali-sulphide solutions. 

Halides.— Thallous fluoride, unlike the other halides, is 
easily soluble in water, thus resembling silver fluoride, and 
furnishing another example of the exceptional properties of 
fluorides. Like potassium fluoride, it readily forms a double 
fluoride, TIHF 2 . 

The chloride, bromide, and iodide are all formed by precipi- 
tation, and stand in order of decreasing solubility. About 
2*4 parts of the chloride dissolve in 100 parts of boiling water. 
The chloride is also the product of combustion of thallium in 
chlorine; like mercurous chloride it is volatile (above 700°), 

(D170) ® 
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but the vapour shows the normal density. Thallous chloride 
is white, and isomorphous with the alkali chlorides, but turns 
violet on exposure to light, like silver chloride; the bromide 
is pale yellow and the iodide bright yellow like lead iodide. 
Thus the halides are closely related to those of Group I B, and 
also show some analogies with mercurous and lead halides. 

Thallous sulphate, TI2SO4, closely resembles the alkali sul- 
phates. It is soluble in water and isomorphous with pcitassium 
sulphate, and forms an acid sulphate TIHSO4. The most 
striking analogy, however, is shown in the existence ofWouble 
salts, such as TI2SO4, MgS04, 6H2O, isomorphous with K2SO4, 
MgS04, 6H2O, and the alums TI2SO4 (Al2Fe2Cr2) (604)3, 
24H2O, which are isomorphous with potassium alum. 

It has been shown by Tutton’*' that thallium lies near to 
rubidium and ammonium, between potassium and caesium, in 
the isomorphous series of the alkali salts, but that the optical 
properties of thallous salts do not support this relationship, 

Thallous carbonate, TI2CO3, is sparingly soluble in water, 
from which it crystallizes anhydrous; it is more soluble in 
water containing carbonic acid than in pure water, bicarbonate 
being formed. In properties thallous carbonate lies between 
the carbonates of lithium and sodium. The thallous phos- 
phates also show similar relationships as regards solubility, 
and they are isomorphous with the corresponding potassium 
compounds; TI3PO4 is sparingly soluble, TI2HPO4, H2O and 
TIH2PO4 are readily soluble in water. 

The chlorate TICIO3 is sparingly soluble in water; the per- 
chlorate TICIO4 and nitrate TINO3 are isomorphous with the 
corresponding potassium salts. The chromate Tl2Cr04 is an 
insoluble yellow powder resembling lead chromate. Hydro - 
chloroplatinic acid, H2PtClg, precipitates the platinichloride 
Tl2PtCl3 from solutions of thallous salts. 


• Proc. Roy, Soc., 79, A, 351. 
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Thallic Compounds 

Thallic oxide, TI2O3, although the typical oxide of thallium, 
is less stable than thallous oxide. It is formed by the com- 
bustion of the metal in oxygen, and by the oxidation of thallous 
oxide by bromine; it is also produced at the anode in the 
electrolysis of thallous salts. It is a black powder insoluble 
in water and alkalis, which when heated fuses at 720° and 
decomposes above 800° into thallous oxide and oxygen. It 
dissolves to some extent in dilute hydrochloric and sulphuric 
acids, forming thallic salts, but chlorine and oxygen are readily 
evolved on warming, especially with the more concentrated 
acids, thallous salts being formed in solution. In all these 
respects thallic oxide resembles the group-type oxides, PbOj 
and BigOg, and thus behaves more as a basic peroxide than a 
true basic oxide. It differs, however, from the two latter 
oxides in possessing no acidic properties. 

Thallic hydroxide is formed as a brown precipitate when 
alkalis are added to solutions of thallic salts, or by the hydro- 
lysis of these salts by much water; it is also produced by the 
oxidation of thallous salts by alkali hypochlorites, and on 
drying has the composition TIOOH or TI 2 O 3 , HgO. Unlike 
the other hydroxides of the sub-group, it possesses no acidic 
properties, being insoluble in alkalis. It is a very weak base, 
and the thallic salts corresponding to it are generally decom- 
posed by water. The superior acidic properties possessed by 
aluminium over thallic hydroxide are in accord with the prin- 
ciples of the periodic law; that thallium is at the same time 
less electro-positive than aluminium, as shown by the relative 
positions of the two metals in the electro-potential series, shows 
how widely different the relationships of elements with regard 
to these two classes of properties may be. 

Thallic chloride, TICI3, is the most stable thallic salt. It 
is formed by the action of chlorine on thallous chloride, and 
when anhydrous is a crystalline mass melting at 24°.* It is 

♦ R. J, Meyer, Zeit. avorg. Chem. (1900), 24, 321. 
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soluble in organic solvents and forms compounds with alcohol 
and ether, as well as crystallizing with water in the forms 
TICI3, HgO and TICI3, 4 H 2 O. It likewise forms with hydro- 
chloric acid the crystalline compound TICI3 • HCl, SHgO, 
which is analogous to chlorauric acid, thus: 

HTICI 4 , 3 H 2 O : HAuCh, 3 H 2 O. 

Unlike the latter substance, however, chlorothallic acid of the 
above type does not form alkali salts, for when a somtion of 
this substance is neutralized with potassium hydro3fflde the 
following reaction takes place: \ 

2HT1C14 + 2KOH = T1C13-2KCI + TlCl, + 2HjO\ 

Probably, therefore, the compound HTICI 4 , SHgO, which 
exists in the solid state, is broken up in solution. 

In addition to forming double chlorides with the alkali 
metals, thallic chloride also combines with thallous chloride. 
Thus when thallium is carefully warmed in chlorine the com- 
pound TlCl • TICI3 or TITICI4 is formed; this on stronger 
heating gives STlCl-TlClg, by which reaction the relative 
instability of the higher type is shown. 

From a nitric-acid solution of thallic chloride the chlorine 
is not completely precipitated by silver nitrate. This is due 
to ionization not proceeding to all the chlorine atoms within 
the molecule, as in the case of green chromic chloride (q.v.). 
The isomorphism of thallic iodide with rubidium and caesium 
tri-iodides suggests that thallic halides may possess the con- 
X 

stitution T1X<^^. The instability of the thallic as compared 

with the thallous type, as well as the resemblance between 
thallous and alkali salts, make credible the possibility of a 
transformation such as the following: 

Tl— X ^ T1 X<y. 

\X 

Thallic sulphate^ Tl 2 (S 04 ) 3 , differs from the allied sul- 
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phates of the sub-group in forming an ammonium alum only 
A double sulphate, TI2SO4, Tl2(S04)3, is known, as well as 
compounds of the type M2SO4, Tl2(S04)3, SHgO, with which 
double sulphates containing aluminium, indium, and rare 
earth metals correspond. 

SUB-GROUP III A 

Scandium, Yttrium, Lanthanum: the Rare-earth Metals 

Scandium, yttrium, and lanthanum occupy definite positions 
in the periodic table, and are undoubtedly members of Group 
III A. Chemically speaking, however, they are not to be 
separated from the companion metals of the rare earths, which 
follow lanthanum. 

OCCURRENCE AND SEPARATION 

These substances are encountered in exceedingly rare mine- 
rals in the form of silicates such as gadolinite (YCePrNdLa), 
cerite (CePrNdLa), or columbates, tantalates, phosphates, 
fluorides, and uranates, such as samarskite, which contains 
TagOs, NbaOg, UOg and Ce, Pr, Nd, La, and Y. 

Owing to the scarcity of the minerals containing these rare 
earths, and the close similarity between the oxides and salts 
of the elements they contain, the difficulty of effecting a com- 
plete separation of these elements is very great. 

The processes available are those of fractionation; for in- 
stance, advantage is taken of the variation in decomposition 
temperature of the nitrates, or fractional precipitation of the 
hydroxides by alkalis is resorted to, when the less basic earths 
separate first in the order Lu to La; fractional crystallization 
of salts such as formates, oxalates, or double sulphates and 
nitrates is also an effective means of separation. I'he course 
of the separation may be followed by estimations of the 
equivalents of the oxides, by the study of their absorption or 
emission spectra, or by their X-ray spectra. 

The difficulty of separating these elements from their 
naturally occurring mixtures, and the fact that processes of 
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fractional precipitation yielded in the case of yttria products 
which showed different phosphorescent spectra, led Crookes 
in 1886 to formulate his theory that these “ elements ** were 
themselves complex but contained simpler components called 
“ meta-elements **. This view was opposed to Lecoq de Bois- 
baudran, who concluded that the yttria phosphorescence was 
due to impurity; and Urbain and his collaborators have con- 
firmed the latter view. Moreover, according to the idea of 
atomic numbers, all the rare-earth metals are now known. 

Nevertheless, fractional methods of separation have contri- 
buted greatly to our knowledge of these metals, and havlp been 
the chief means of separating them one from another. \ The 
case of didymium furnishes an interesting example. 'This 
name was originally given to a supposed element discovered 
by Mosander in 1841, on account of the close relationship 
of its compounds to those of lanthanum, from which it was 
separated by this chemist. From didymia, its oxide, a new 
earth, samaria^ was isolated by Lecoq de Boisbaudran in 1879; 
and the residue, which for a time was considered to be the 
oxide of a single metal, didymium, with an atomic weight equal 
to about 140, was resolved into two constituents by Auer von 
Welsbach in 1885. The purified didymium salts are red or 
violet, and give a characteristic absorption spectrum when in 
solution. The oxide is of a dingy blue colour. By fractional 
crystallization of a nitric acid solution of a double nitrate of 
the metal and ammonium, von Welsbach obtained two salts 
which were bright green and amethyst coloured respectively, 
and whose oxides were respectively greenish white and pale 
blue. The absorption spectra of these salts are distinct from 
one another, but when their solutions are mixed in suitable 
proportions the original didymium spectrum is reproduced. 
Thus the original didymium was separated into two elements 
which were named praseodymium (Pr) and neodymium (Nd) re- 
spectively, their atomic weights being Pr, 140*9 and Nd, 144*3. 

Element No. 61, predicted on the basis of atomic number, 
was discovered in 1926 by Hopkins and his co-workers and 
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named illinium (II). It was discovered almost simultaneously 
by Rolla in Italy. Crystallization of rare earths as double 
magnesium nitrates gave purified samples showing X-ray 
lines corresponding to an element of atomic number 61. 

CLASSIFICATION 

Analytically the rare earth metals resemble aluminium and 
chromium, but they also show a likeness to the alkaline earth 
metals, e.g. in forming solid hydrides, and also to bismuth 
in forming the oxychlorides MOCl. 

These metals are now divided into three groups, according 
to differences in the properties of their compounds. These 
groups are: Cerium Group — La, Ce, Pr, Nd, Sm; Terbium 
Group — Eu, Gd, Tb; Yttrium Group — Dy, Ho, Y, Er, Tm, 
Yb, Lu; and some of their chief differences are: 

(i) Nitrates of the metals of the cerium and terbium groups 
form characteristic double salts with the nitrates of uni- and 
bivalent metals; but nitrates of the yttrium group do not. 

(ii) Double sulphates of the cerium group metals and potas- 
sium are insoluble in cold saturated potassium sulphate solu- 
tion; similar salts of the terbium group metals are sparingly 
soluble, and those of the yttrium group metals readily soluble 
m the same solution. 

(iii) Platinocyanides of the metals of the cerium and terbium 
groups resemble one another, but differ from those of the 
yttrium group metals. 

COMPOUNDS OF THE RARE EARTH ELEMENTS 

The metals, obtained by electrolysis of fused fluorides or 
chlorides, or by the aluminothermic process, are lustrous 
and fairly stable in air, but are difficult to obtain pure. The 
densities and melting points of a few are given below: 


Y 

La 

Ce 

Pr 

Nd 

Sm 

4-67 

616 

6-78 

6-60 

7-06 

7-76 

1476° 

810° 

623° 

940° 

840° 

— 


I 
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The typical oxides, M2O3 — the rare earths themselves — 
are obtained by heating the nitrates, hydroxides, sulphates, 
or oxalates; the amorphous products are soluble in acids. A 
few higher oxides are known, CeOg, PrOg, Pr407, and Tb A, 
whilst alkaline hydrogen peroxide forms peroxyhydroxides, 
M(0H)300H, where M = La, Ce (and also Ti, Zr and Hf). 

The gelatinous hydroxides, M(OH)3, are insoluble in 
alkali, being more basic than aluminium hydroxide: indeed 
lanthanum hydroxide is sufficiently basic to absorb \ carbon 
dioxide from the air. \ 

The anhydrous chlorides, MCI3 can be preparlpd by 
passing chlorine mixed with sulphur chloride vapour ov^r the 
heated oxide: a method of general application. ^ 

4M2O3 + 3S2CI2 + 9 Cla - 8MCI3 -f 6SO2. 


A mixture of the oxide and sulphur, when treated similarly 
with bromine, yields the corresponding bromide. The 
chlorides are non-volatile at red heat and are hygroscopic, 
dissolving in water with heat evolution. They are also soluble 
in alcohol. 

The sulphides, M2S3, like AlgSg, are decomposed by water. 
The nitrates are soluble crystalline salts giving double nitrates 
of the type 2M’N03, ^**'(^03)3. The sulphates are sparingly 
soluble and form no alums. The carbonates, fluorides and 
phosphates are practically insoluble in water. 

In general, the salts of these metals have properties corre- 
sponding to moderately strong bases. 

The order of decreasing basic strength, as determined by 
the readiness of decomposition of the nitrates by heat, and 
the relative degrees of hydrolysis of aqueous solutions of the 
sulphates, is: La, Ce^^^ Pr, Nd and Y, Sm, Eu, Gd, Tb, 
Dy, Ho, Er, Tm, Yb, Lu, (Sc), (Ce^'"). This order also corre- 
sponds with that of the precipitation of the hydroxides from 
mixed salt solution by the gradual addition of alkali, and, with 
the exception of yttrium and scandium, also accords with the 
atomic-weight sequence. The rare-earth metals, and particu- 
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larly cerium, find useful application in various ways. Metallic 
cerium is the essential constituent of pyrophoric alloys; ceria 
(Ce02) forms 1 per cent of the incandescent gas mantle; cerium 
glass has the power of absorbing ultra-violet and heat rays; 
cerium salts have a limited use in photography and medicine. 


Cerium Compounds 

Cerium occurs as the phosphate associated with thoria in 
monazite sand. 

Besides forming compounds in which it is tervalent, cerium 
is also quadrivalent and so related to thorium in Group IV. 

Cerous compounds. The oxide, CcgOs, is not formed 
when oxy-salts are decomposed by heat but is obtained from 
the dioxide, CeOg, by reduction with calcium. It readily 
oxidizes again. Similarly the hydroxide, Ce(OH)3 rapidly 
oxidizes in air to yellow ceric hydroxide. 

The stable chloride, CeCl3 is white, crystalline, and soluble 
in water. It gives hydrates. 

The sulphate, Ce2(S04)3 gives hydrates and double salts. 
The nitrate Ce(N03)3, GHgO, and the insoluble carbonate both 
form double salts. 

Ceric Compounds. — Ceric oxide, or ceria, CeOg, is pro- 
duced when oxy-salts of cerium are decomposed by heat. 
When pure it is white or faintly yellow. It may be obtained 
hydrated and colloidal (cf. Th02). 

Ceric sulphate, Ce(S04)2, 4H2O forms soluble deep yellow 
crystals, and yields double salts. This substance may, with 
advantage, replace permanganate as an oxidant in volumetric 
analyses, since the change Ce^ Ce“^ is simpler than the 
permanganate change, Mn04‘" Mn++. 

The chloride, CeCl4, is unstable, readily reducing to CeClg, 
but the fluoride is a stable solid. 

The simple nitrate is unknown, but various double nitrates 
exist, e.g. Ce(N03)4, 2NH4NO3, an orange-yellow substance 
used in the preparation of ceria. 

(Dl70) 
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CHAPTER VIII 
GROUP IV 

Sub-group A Sub-group B 

6C (1200) { 

14 Si (28-3) ( 

22 Ti (48-1) :32 Ge (72-6) \ 

40 Zr (90-6) ‘50 Sn (119*0) \ 

72 Hf (178-()) !82 Pb (207-20) 

90 Th (232-4) \ 

Group IV may be regarded as the transition group, liiiking 
the more positive elements of Groups I to III with the more 

negative elements of Groups V to VII. As in most other 

groups, there is a rise in metallic characters with rise of 
atomic number in both sub-groups, the members of the A 
sub-group being more metallic than those of the B sub-group. 

This intermediate character is strongly developed in the 
first typical element, carbon, which is a unique member of 
the tetrad, boron, carbon, silicon and nitrogen. Possessing 
four valency electrons and a small atomic volume, its com- 
pounds are predominantly covalent. The completed carbon 
octet is not readily attacked by reagents. Hydride formation, 
foreshadowed by boron, reaches a maximum in the neutral 
hydrocarbons, and continues to a limited degree in the hydrides 
of nitrogen, two of which are basic. The hydrides of boron 
and silicon are reactive towards oxygen, those of carbon and 
nitrogen are relatively stable. These general tendencies are 
further illustrated by the natural occurrence of boron and 
silicon as oxygen compounds only, whilst carbon exists free, 
in hydrocarbons, and in carbonates. 

As regards the sub-groups A and B, it should be observed 
that, in their respective periods, the A members are four 
places behind and the B members four places before an inert 
gas, a symmetrical placing which endows corresponding ele- 
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incnts with somewhat similar atomic volumes, and results in 
a closer similarity than is found in any other group. 

The electronic arrangements of elements in the A and B 
sub-groups are exemplified by titanium and germanium re- 
spectively, thus: 

A. Ti 2 I 8 ! 8.2 I 2 

B. C;e 2 I 8 I J8 I 4. 

Since the A members are transition elements, the penul- 
timate quantum group does not remain inviolate, and valencies 
of 2 , 3 and 4 , are shown by titanium and zirconium; thorium 
shows quadrivalency only. In the B elements, the group 
valency of four is possible without encroachment on the 
previous quantum group of 18 electrons and the polyvalency 
exhibited in, e.g. SnCl4 and SnClg, PbCl4 and PbClg, is of 
another type, possibly due, as Sidgwick suggests, to one pair 
of the electrons becoming inert. 

On electronic principles, IV B elements in their reactions 
should advance to an inert gas configuration by acquiring 
four electrons in covalent linking, whilst IV A elements 
should tend to revert to the previous inert gas by losing four 
electrons to form the ion and give electro valent linking. 

Highly charged ions such as or even M++, will only 

exist if the atomic volume be sufficiently large (Fajans’ rules), 
and in both sub-groups the low atomic volumes favour co- 
valency, the A elements in such a case gaining electrons. 
Nevertheless, because of the more electropositive character 
of the A sub-group elements, metallic properties appear earlier 
than in the B sub-group. Thus, while Ti Cl 4 is a halanhydride, 
ThCl4 is a stable salt; PbCl4 is covalent and unstable, but 
Pb++ forms salts. 

The members of the B sub-group, together with carbon and 
silicon, which may appropriately be considered to belong to 
this sub-group, alone form volatile hydrides and volatile 
organo-metallic compounds. 

The more salient common characteristics of the group are; 
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the display of the maximum valency of four in the hydrides 
MH4 and the halides MX4; the formation of typical oxides 
MOg, generally of acidic character; also the combination of the 
tetrahalides with the corresponding halogen acids and alkali 
salts to form complex acids and salts, chief among these being 
the isomorphous complex fluorides of the type RgMFg. 

Excepting COg and dimorphous ThOg all the crystalline 
dioxides are trimorphous. The three forms of TiOg have 
corresponding isomorphs in the SnOg structures, and one 
form of GeOg is isomorphous with quartz and another with 
casnterite (SnOg) and plattnerite (PbOg). With the exception 
of carbon and perhaps hafnium, they all form heteropol;racids 
(q.v.). Tetra-hydrated pergermanates, KgGcgO^ and NagGeOg, 
and an unstable perstannate, Na2Sn207, SHgO, are analogous 
to the per-compounds of the IV A elements. True persilicates 
are doubtful. 


SUB-GROUP IV B 

CarboHy Silicoriy Germanium y Tiny and Lead 

The non-metallic elements, carbon and silicon, are linked 
by germanium with the more metallic elements tin and lead, 
just as in Group V B nitrogen and phosphorus are linked by 
arsenic with antimony and bismuth. The modes of occurrence 
and extraction of carbon are in many respects exceptional, but 
the occurrence of silicon in silicates, and its preparation by 
the reduction of silicifluorides with potassium or aluminium, 
are characteristic of non-metallic elements, whilst the occur- 
rence and manner of extraction of tin and lead are character- 
istic rather of metals. Carbon and silicon, moreover, possess 
low atomic volumes and high melting-points, and in the 
amorphous state are bad conductors of heat and electricity; 
these are characteristics of non-metals, which are not shown 
by the higher members of the sub-group. Carbon and silicon 
display well-defined allotropy; tin also occurs in three different 
forms, and several allotropic forms of lead appear to exist. 
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Some physical properties of these elements are here shown: 



Si 

Ge 

Sn 


Pb 

1-76 



f 1 



1 amorphous 

2-35 

amorphous 


tetragonal 



Density . . -I 

1 graphite 

6-47 . 

1 6-6 1 
rhombic 

- 

11-34 

3-6 



6-3 



diamond 



. grey . 



Melting-point 3600® 

0 

0 

968® 

231-8° 


327® 

Boiling-point ? 

2600® 

2700° 

2260® 


1620® 

It is to be observed that there 

is a rise in density on 

passing 


from non -metallic carbon to metallic leadj and a fall in melt- 
ing-point. A comparison of physical properties shows that 
carbon and silicon resemble one another in the nature of their 
allotropic forms. Amorphous silicon is a brown powder which, 
like amorphous carbon, burns in the air, producing the dioxide, 
and unites with fluorine at ordinary temperature, forming the 
tetrafluoride. Silicon unites with chlorine at 450°, and with 
bromine at 500°, though not directly with iodine ; carbon, how- 
ever, unites directly neither with chlorine, bromine, nor iodine. 
Carbon and silicon combine together at the temperature of the 
electric furnace, forming silicon carbide,* SiC, a very hard 
substance used as an abrasive. Two other forms of silicon 
besides the amorphous variety have been described, being 
known as graphitic and adamantine silicon. The two forms 
are probably identical with one another, both being obtained 
by the reduction of silica or a silicifluoride in presence of 
molten aluminium, from which the silicon crystallizes in 
black, shining, regular octahedra, isomorphous with diamond. 
Carbon, however, occurs in two distinctly crystalline forms, 
graphite and diamond. Graphite is formed when carbon 
crystallizes from molten iron under atmospheric pressure, 
diamond being formed by crystallization from the same solvent 
by sudden cooling under high pressure. That a difference of 
pressure chiefly determines which allotropic form is produced 
is shown by the fact that when diamond is heated to a high tem- 

• This substance is widely known by the trade-name “ carborundum *\ 
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perature under ordinary pressure it is converted into graphite. 

Although in the free state carbon resembles silicon, in its 
compounds its relationship to this and the remaining elements 
of the group is not so well marked. It is distinguished by 
the number and stability of its hydrides — the hydrocarbons — 
the formation of which depends upon the power possessed by 
carbon atoms of uniting with one another in chains an 4 rings, 
a phenomenon to which some analogy is presented by [ silicon, 
for instance in the compound Si6Cli4, which probably c'bntains 
a chain of six silicon atoms. The carbon halides, too, are more 
stable than those of silicon; and the oxides are gases, whereas 
those of the other elements of the sub-group are solidly, the 
oxides SiOg and SnOg possessing high molecular complexity. 

The study of carbon compounds will here be limited to such 
as illustrate analogies or specific differences, valuable for com- 
parison between this element and other members of the group. 

Germanium is more metallic in its physical properties than 
silicon, but shows some resemblance to this element in chemical 
properties. It burns in the air, forming the dioxide; like 
silicon, it is insoluble in hydrochloric acid, but soluble in hot 
caustic alkalis; like tin it forms hydrated dioxide by the 
action of nitric acid. It forms unstable, volatile hydrides, 
GeH4, GcgHg, GcgHg, and the solids, (GeH)a., (GeHg)^.. 

The elements tin and lead are of a more pronounced metallic 
character, both in physical and chemical properties. They 
form organo-metallic compounds, and tin forms a volatile 
hydride, SnH4, which is evolved with hydrogen during the 
electrolysis of stannous sulphate; whilst PbH4 seems to be 
formed by the solution of a lead-magnesium alloy in dilute 
acids. Their oxides and halides are less acidic than those 
of the foregoing elements, and metallic properties predominate. 

It will be convenient to study the chief compounds formed 
by these five elements in one system. There will thus be 
presented a view of the changes taking place in various types 
of compound on passing from distinctly non-metallic to dis- 
tinctly metallic elements. 
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Hydrides (MH4) 

Carbon, silicon, and germanium are the only elements of the 
group which certainly form gaseous hydrides, and the above 
is the chief type common to the three elements. 

Methane may be produced by direct synthesis; very small 
quantities of pure sugar charcoal are converted almost com- 
pletely into methane when heated in hydrogen at 1 1 50 °. 

The tetrahydrides of carbon and silicon may be produced 
by the action of water or acids on suitable carbides or silicides, 
just as nitrides, phosphides, sulphides, sclcnides, and telluridce 
yield the corresponding hydrides. 

Aluminium carbide, for instance, yields methane thus: 

AI4C3 -I- 12H2O 4A1(()II)3 -t 3CH4, 

and magnesium silicide and hydrochloric acid (or better, 
NH4Br in liquid NHg) give the corresponding hydride, silane, 

MgaSi + 4 HC 1 - 2 MgCh + Sibh 

MgaSi + 4NH4Br - 2MgBr2 I , S1II4. 

When ethyl orthosilicoformate, Siri(OC2H5)3, prepared by the 
action of ethyl alcohol on silicochloroform, is healed with 
sodium,* silane and ethyl orthosilicate result, 

4SiH(OC2H,), SiH4 + 3Si(OCJI,)4, 

a reaction recalling the behaviour of phosphorous and hypo- 
phosphorous acids when heated (q.v.). Like methane, silicon 
hydride or silane is a gas, which, however, is more easily 
liquefied than methane. It differs from methane by being 
spontaneously inflammable in air, even at low temperature, 
or, like phosphine, under reduced pressure. It is less stable 
than methane, being dissociated at red heat. Though stable 
to pure water in quartz vessels, with alkali (even the alkali 
from glass) it yields silicate and hydrogen, a reaction which 

* The sodium remains unchanged, its role in the reaction being unknown. 
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involves the separation of the hydride into its elements: 

SiH4 -h 2 KOH -f H2O - SiO(OK)a + 4 H 2 . 

That SiH4 should be less stable than CH4, and GeH4 less 
stable than SiH4, is in accordance with the requirements of the 
periodic law that the stability of gaseous hydrides shall diminish 
with rise of atomic number in a group. This point is illustrated 
by comparing together, as regards stability, NHg, PHI AsHg, 
and SbHg, BiHg being very unstable, as well as by conirasting 
H2O with HgS and HCl with HI. \ 

Now unstable hydrides are reducing agents on account of 
the hydrogen which is liberated in their decomposition. \ It is 
true that the hydrides of some of the elements of the fifth 
group reduce by direct combination with oxygen, but this is 
due to the oxidizability of the elements themselves; it would 
hardly be expected, for example, that arsenic would be liberated 
in the free state by the oxidation of AsHg; but in the case of 
H2S and HI, sulphur and iodine are liberated, respectively, 
when the hydrogen with which they are combined is oxidized. 
The reaction between silicon hydride and silver nitrate, in 
which silicon and silver are precipitated, 

SiH* + 4AgN03 - Si + 4 Ag + 4HNO3, 

will now be understood, as well as the different behaviour 01 
arsine towards the same reagent, 

AsH 3 + 6AgN03 + SHaO - H 3 ASO 3 + 6 Ag + CHNOa. 

With less reducible substances, such as copper sulphate, sili- 
cides are precipitated, 

SiH4 + 2CUSO4 - CuaSi + 2H3SO4; 

this reaction being analogous to that with hydrogen sulphide. 

Methane possesses no such reactivity as silane; the only 
hydrocarbon which possesses analogous properties is acetylene, 
CgHg, which reacts with silver and cuprous compounds, pro- 
ducing acetylides or carbides. 

Like methane, silane undergoes metathesis with chlorine, 
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and when antimony pentachloride is used as a halogen carrier 
silicochloroform, SiHClg, is formed. 

Other Hydrides 

Carbon forms many other hydrides, the hydrocarbons, which 
are generally studied under organic chemistry. 

Silicon also forms other hydrides or silanes; SigHg, SigHg, 
Si 4 Hio, have been obtained pure, whilst and SieHi 4 

have probably also been prepared.* 

Disilane, Si 2 Hg, melts at —132*5° and boils at —15°; trisilane, 
SigHg, melts at —117° and boils at 53°; tetrasilane, Si 4 Hio, 
melts at —90° and boils at 109° (approx.). 

Solid, non-volatile, stable products, (SiH)^, are known. 

Halides MX4 

The type MX 4 is characteristic of the group, fluorides, 
chlorides, bromides, iodides, and mixed halides being known. 
The fluorides and chlorides afford the best comparative data. 


Fluorides 


CF 4 

gas 

SiF 4 

gas 

GeF4 
solid 
+ 3 H 2 O 

SnF 4 

volatile 

crystals 

PbF 4 

yellow 

powder. 



Chlorides 


CCI 4 

liquid 
B.P. 76° 

SiCl4 

liquid 
B.P. 66-9° 

GeCh 

liquid 

B.P. 86 ° 

SnCh 

liquid 

B.P. 113-9° 

PbCh 

liquid 

decomposed 
by heat. 

The tetrafluorides are formed by the direct 

union of the 


elements, and carbon tetrafluoride, the only carbon halide 
formed in this way, has been thus prepared. 

They are generally obtained, however, by the action of 
hydrofluoric acid, derived from CaFg and H 2 SO 4 , upon the 
dioxides; for example, 

SiOa + 4HF = SiF 4 -f 2 H 2 O, 

• vide Stock, Hydrides of Boron and Silicon. 
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or the corresponding alkali salts, stannates and plumbates, in 
which case the alkali double fluorides result, e.g. 

KaSnOa + 6HF - KoSnFe + 3HaO. 

from which the fluorides themselves are separated by concen- 
trated sulphuric acid. 

The halanhydride character of silicon tetrafluo^ide is 
shown by its reaction with water, when silicic and hydrofluoric 
acids are formed, 

SiF* H- 3 H 2 O - OSi(OH)2 + 4HF; 

the hydrofluoric acid, however, combines with more Silicon 
tetrafluoride, producing the stable hydrofluosilicic aCid,* 
thus: 2SiF4 + 4HF = 2H2SiFfl, 

the complete reaction being: 

3SiF4 + 3HaO - ‘iHaSiFa + HgSiOa. 

Of the tetrachlorides, that of carbon is not formed by direct 
union, but results as the final chlorine substitution product of 
methane or carbon disulphide; all the other elements, how- 
ever, unite directly with chlorine, the compounds SiCl4, GeCl4, 
and SnClj being thus prepared. 

Silicon tetrachloride also results from the action of 
chlorine on a heated mixture of carbon and silicon dioxide, 
SiOa 4 - 2C + 2 CI 2 - SiCU + 2CO, 

whilst germanium and tin tetrachlorides are formed by 
distilling together the metal and mercuric chloride. Lead 
tetrachloride is produced in solution when chlorine is passed 
through hydrochloric acid in which lead dichloride is sus- 
pended. Ammonium plumbichloride, (NH4)2PbCle, is 
precipitated from this solution on adding ammonium chloride, 
and when this salt is decomposed by cold concentrated sul- 
phuric acid, PbCl4 separates as an unstable liquid. 

The distinguishing characteristic of the tetrachlorides is 
that they are chloranhydrides rather than salts; thus they 

• Boron trifluoride (q.v.) combines similarly with HF. 
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are volatile liquids, whilst typical salts are relatively non- 
volatile solids; they are unacted on by cold concentrated 
sulphuric acid, and, whilst soluble in non-hydroxylic solvents 
do not dissolve without change in water, but are decomposed 
by it, or by alkalis, with formation of the acidic hydroxides 
M( 0 H) 4 , or OM(OH),, or their salts. 

Carbon tetrachloride presents an anomalous character, 
being, like the hydride, comparatively inert; it is insoluble 
in, and not acted on by, water, but the prolonged action of 
potassium hydroxide gives carbonate and chloride, 

CCI 4 + 6 KOH = KgCOa + 4KC1 -f SH.O, 

a reaction which reveals the relationship of carbon tetra- 
chloride to carbonic acid. 

Silicon tetrachloride is at once decomposed by water, giving 
silicic and hydrochloric acids, 

SiCh + 3HaO = OSi(OH)a + 4HC1, 

but the chlorides SnCl4 and PbCl4 are capable of forming 
crystallohydrates, those of tin containing from three to eight 
molecules of water. The chlorides SnCl4, GeCl4, and PbCl4 
are moderately stable in aqueous solution when an excess of 
hydrochloric acid is present, but in dilute solution, and in 
the absence of much hydrochloric acid, they are decomposed 
like silicon tetrachloride. 

Various double halides of the type RgMXg, derived from 
the acids HgMXg, are known in the case of the elements of 
Group IV B, as well as of IV A, some of which have been 
referred to in the preceding paragraphs. Of these the best 
known are the fluorides, though chlorides and bromides, but 
not iodides, exist. Carbon forms no such compounds on 
account of the inertness of its halides, and silicon forms only 
fluorides, that is HjSiFg and its salts. Tin and lead, as well 
as thorium, the most metallic elements of the group, form 
double chlorides such as are not formed by the more non- 
metallic elements. 
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Oxychlorides 

Just as chlorides or chloranhydrides of the type MCI4 are 
the chlorides of the orthoacids M(0H)4, so oxychlorides of 
the type MOCIg are the chlorides of the meta-acids M0(0H)2. 

Carbonyl chloride, COCI2, known as phosgene gas, is 
formed by the union of carbon monoxide and chlorine under 
the influence of light and catalysts. It boils at 8°, is decom- 
posed by water into CO2 and HCl, after the manner on acid 
chlorides, and with ammonia forms carbamide or urea, 
C0(NH2)2. \ 

The analogous silicyl chloride is not known. SigOClg, how- 
ever, formed when SiCl4 exchanges some chlorine for oxy^n 
at high temperature, is a fuming liquid, boiling at 137 °, and 
easily decomposed into silicic and hydrochloric acids. 

GeOClg is formed when GeHClg is oxidized; SnOCl2 
results from the oxidation of SnClg; PbOClg is unknown. 

Derivatives of the Type MHXg 

Trihalide derivatives of the hydrides CH4, SiH4, and GeH4 
are analogous. Since CHCI3, the chloranhydride of ortho- 
formic acid, CH(0H)3, is known as chloroform, the analogous 
silicon and germanium compounds, as well as the bromine and 
iodine derivatives, receive similar names. The following sub- 
stances of the type MHX3 are known,* and are formed in the 
case of silicon and germanium, when the elements are heated 
in a stream of hydrogen halide gas. 

C Si Ge 


MHCla 

chloroform 

CHCla 
B.P. 61® 

sdicochloroform 

SiHClg 

B.P. 31-8° 

germanium chloroform 
GeHCla 

B.P. 72° 

MHBra . . 

bromoform 
CHBra 
B.P. 151° 

silicobromoform 

SiHBrs 

B.P. 109-111° 

? 

MHIa . 

iodoform 
. CHI 3 

M.P. 119° 

silicoiodoform 

SiHIs 

B.P.106°/14mm. 

? 


* SilicoSuoroform, SiHF,. likewise exists as a colourless gas, condensing at -So° . 
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It will be seen that, as in the case of the tetrahalides, the 
boiling-points of the silicon compounds are consistently lower 
than those of the corresponding carbon compounds, but that 
with germanium as shown by the chloroform the boiling-points 
of the compounds rise again. 

Just as CHCI3 corresponds with CH(OH)3, the hypothetical 
orthoformic acid, into derivatives of which it is converted by 
sodium alcoholates, thus: 

CHCI 3 -f SNaOCaHg = CH( 0 C 2 H 5)8 + 3NaCl; 

so silicochloroform, SiHClg, formed by heating silicon in 
hydrogen chloride gas, corresponds with SiH(OH)3 and its 
alkyl compounds. Thus alcohol itself, without the use of 
sodium, forms ethyl orthosilicoformate, SiH(OC2H5)3, a change 
which shows SiHCl3 to be more reactive than CHCI3, just as 
SiCl4 is more reactive than CCI4. Silicochloroform also is 
slowly hydrolyzed by water, which does not decompose chloro- 
form, the product being leucone, or orthosilicoformic acid, 
SiH(OH)3; the corresponding carbon compound does not exist. 
Leucone is, however, rather unstable, easily losing water; thus: 
HSi(OH)s HSi=-0 

— -I- 3H,0, 

HSi(OH), HSi=0 

the resulting product being known as silicoformic anhydride. 
This is, however, a neutral substance which is broken up by 
heat into silicon, hydrogen, and silicon dioxide, a reaction 
probably preceded by the formation of SiH4, 

2H2Si203 = SiH* + SSiOa, 

the hydride then decomposing thus, SiH4 = Si + 2H2. 
Higher Chlorides of Silicon 

When comparing the elements carbon and silicon it was 
shown that silanes of the type SinH2n + 2, corresponding 
with the paraffin hydrocarbons, exist in which n may be 
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1, 2, 3, 4, 5, or 6. A similar series of chlorides is known,* 
viz.: 

SiCh Si2Cle Si 301 g Si4Cljo SigC^g SigCl^g 

B.P. 56*9® B.P. 146--148'’ B.P. 215-^18“ B.P. 149-1S1® B.P. 190® Solid 

(15 mm.) (15 mm.) M.P. 170®. 


The higher chlorides are obtained together with SiCl 4 when 
chlorine is passed over 50 per cent ferro-silicon heated to 
180-200®. According to Martinf they are formed in the ^der 
of diminishing complexity by the chlorination and disruption 
of chains of silicon atoms. \ 

Si 2 Cle is hydrolyzed by water, producing silico-oxalic a^id, 
analogous to oxalic acid: 


0==Si— OH 0==C— OH 

I : I 

0=Si— OH 0=C—0H, 


and Si 3 Cl 8 , under similar conditions, gives silicomesoxalic acid: 


0=Si— OH 

1 

HO—Si—OH 

I 

0=Si— OH 

silicomesoxalic acid 


0=C~-OH 

I 

HO— C— OH 

I 

0--C— OH 

mesoxalic acid 


Halides MX* 

Halides of the type MXg are unknown with carbon and 
silicon, but are represented in the case of germanium, tin, and 
lead. Germanous halides possess no saline properties, but 
stannous and lead halides are important compounds which 
manifest definitely saline characters, being prepared by the 
methods usually available for the formation of salts, for 
example, in the case of tin, by the action of the halogen acid 
on the metal, as well as by its action on the monoxides in 
the case of tin and lead, and by precipitation of salts of 

* Besson and Fournier^ Compt. rend.y 1909, 148 , 839; 149 , 34; 1910, 151 , 1051;^ 
t Mwtin, Chm. Soc. Trans. (1914)1 105 , 2836. 
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the latter metal, whose halides are but slightly soluble in 
water. 

Chloranhydride characters are manifested strongly by ger- 
manous chloride, slightly by stannous chloride, but 
scarcely at all by lead chloride. For example, stannous 
chloride is somewhat soluble in ether, whilst lead chloride is 
insoluble, and stannous chloride melts at a lower temperature 
than lead chloride; also, whilst stannous chloride is decom- 
posed by excess of water according to the reaction, 

SnCla -f H2O - Sn(OH)Cl + HCl, 

lead chloride is not so decomposed, although basic salts are 
formed by combination with PbO . Both chlorides form double 
salts with alkali chlorides, the chief of which correspond to 
the acid type H2MCI4; the acid H2SnCl4, as well as HSnClg, 
probably exists in a solution of stannous chloride in hydro- 
chloric acid. Lead chloride, bromide, and iodide show pro- 
gressive insolubility in cold water, in which they resemble 
mercuric and silver halides; they are, however, easily soluble 
in hot water, differing in this respect from the silver halides 
and mercuric iodide. 

Oxides of the Type MO2 

These, corresponding with the maximum oxygen valency of 
the group, are known for each element. COg, SiOg, GeOg, 
and SnOg are the products of the direct union of the elements 
with oxygen, and GeOg and SnOg are formed by the action 
of nitric acid on the elements; COg, SiOg, and SnOg occur 
naturally in the free state, and COg and SiOg combined in 
the form of carbonates and silicates. PbOg is not the most 
stable oxide of lead, being obtained, not by the combustion 
of the metal, but by the oxidation of the monoxide, e.g. by 
hypochlorite solution, PbO + NaOCl = PbOg + NaCl; and 
being reconverted into the monoxide by heat. 

A comparison of the physical properties of these oxides 
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reveals a great contrast between gaseous carbon dioxide on 
the one hand, and on the other solid silica, existing in the 
amorphous and two crystalline forms of quartz and tridymite, 
together with the solid dioxides of germanium, tin, and lead. 
Silica melts at a very high temperature; it can, however, be 
melted, and even vaporized, in the electric furnace. Molten 
silica may be worked like glass, and made into tubes or flasks, 
which are useful because, on account of the minute coefficient 
of expansion of the substance, they are not fractured bjy sudden 
changes of temperature. I 

Inasmuch as the chlorides of silicon are more volanle than 
the corresponding carbon compounds, this great difference in 
properties between COg and SiOg must be attributed, to the 
polymerization of the latter substance, which is kn(\wn to 
possess a highly condensed crystal structure (SiOg)^.. 

Each of these oxides is acidic, giving rise to a weak acid of 
the type M(OH)4 or MO(OH)2; lead dioxide, however, must 
be regarded also as a basic peroxide, since although with alkali 
hydroxides plumbates such as KgPbOg are formed, the action 
of acids produces salts corresponding with the basic oxide PbO, 
oxygen or its equivalent being set free. In this respect lead 
is analogous to its neighbour in series, bismuth, whose pent- 
oxide behaves as a basic peroxide as well as a feebly acidic oxide. 
The plumbic salts Pb(C2H302)4 and Pb(S04)2, however, 
exist. 


Orthoacids 

Of the orthoacids, M(OH)4,orthosilicic acid, H4Si04, may 
exist in solution, and orthostannic acid, H4Sn04, can be pre- 
cipitated by alkali hydroxide from a solution of stannic chloride, 
or by the hydrolysis of ammonium stannate caused by boiling; 
the others are unknown. Organic orthocarbonates are repre- 
sented by 0(002115)4, orthosilicates by Si(002H5)4, and the 
minerals olivine, Mg2Si04, and zircon, ZrSi04; red-lead, 
Pb304(Pb2Pb04), may also be referred to the same type, since 
PbOg is separated from it by nitric acid. Orthostannates 
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of calcium, cobalt, and nickel are said to have been prepared 
by heating mixtures of the corresponding oxides; calcium 
orthoplumbate, Ca2Pb04, occurs crystalline. 

Meta-acids 

Meta-acids of the type MO(OH)2 are represented by car- 
bonic acid, H2CO3, which exists in dilute aqueous solution; 
metasilicic acid, H2Si03, which is approximately the com- 
position of air-dried “ gelatinous silica ** precipitated from a 
strong solution of an alkali silicate by acid ; so-called a-stannic 
acid, better known as a-metastannic acid, HgSnOg, similarly 
obtained from a stannate by the action of an acid, or by the 
decomposition of stannic chloride by water in presence of 
calcium carbonate; and H2Pb03, which is deposited at the 
anode in the electrolysis of an alkaline solution of a lead salt. 

Of the salts derived from the meta-acids, MO(OH)2, the 
carbonates, really metacarbonates, are well known; of the 
alkali metasilicates, Na2Si03 has been obtained crystallized 
with 3 , 6, and 9 HgO; “ soluble glass prepared by fusing 
sodium carbonate with from two to three equivalents of silica, 
is obtained as a solid or a colloidal solution; Wollastonite, 
CaSiOg, is a naturally crystallized metasilicate. The meta- 
stannates, or a-stannates, KgSnOg and NagSnOg, are obtained 
as crystalline tri-hydrates by evaporating the solution of the 
hydrated dioxide in alkali hydroxide. They are considered to 
be hydroxo-salts of the type M2[Sn(OH)3]. Potassium meta- 
plumbate, K2Pb03, 3H2O, or K2[Pb(OH)g], is a crystalline 
salt. PbgOg is lead metaplumbate, PbPbOg; from each of 
these compounds lead dioxide is separated by acid. The salts 
of these acids are easily hydrolyzed by water or dilute mineral 
acids, because the acids themselves are very weak; when the 
acids are separated by hydrolysis they readily break up into the 
anhydrides and water, as in the case of carbonic acid, or yield 
partially hydrated and complex dehydration products. 

Silicic acid is so weak an acid that its ammonium salt, like 
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the corresponding stannate, is hydrolyzed by water; and this 
fact accounts for the separation of gelatinous silica when 
ammonium carbonate or other ammonium salt is added to a 
solution of a silicate; thus: 

NaaSiOs + (NUi)^CO^ - Na^COs + 2NH8 + H^SiOs. 

It cannot be said that definite compounds corresponding 
with the formulae H 4 Si 04 and KgSiOg exist. The facts, are 
more nearly represented by the formulae wzSiOg, 2 «H 20 fend 
mSi 02 , wHgO, where m and n are nearly equal; indeed dohbt 
has been thrown on the existence of definite hydrates of silica. 

When gradually heated, gelatinous silica loses water apd 
becomes less soluble, until by ignition highly polymerized 
“ insoluble silica ” is produced. 

When acid is added to a dilute solution of sodium silicate, 
no precipitate is formed, the silicic acid forming a colloidal 
solution. The difference between this behaviour and that of 
a more concentrated solution is dependent not solely on con- 
centration, but upon the existence of the hydrated silica in 
the state of colloidal hydrosol. This state persists when the 
solution is dialysed so that a concentrated hydrosol is formed, 
which, however, is not a true solution, but a suspension of 
ultramicroscopic particles. By catalytic action this hydrosol 
is converted into the corresponding hydrogel, which is thus 
a different form of the same product. 

Such a gel containing 300 molecules of water to each SiOg 
behaves like a viscous liquid: with 6 molecules of water it 
can form a dry powder, a condition not to be mistaken for the 
complete dehydration required in analytical procedure. 

When purified by dialysis, and dried at 250°-300° the highly 
adsorbent properties of the gel render it of considerable im- 
portance for removing, c.g. sulphur compounds from petroleum 
distillates and water from blast furnace air. The adsorbed 
substance may be recovered and the adsorbent regenerated by 
heating. 

As a weak acid, silicic acid also forms salts of great com- 
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plexity, so that the types of metallic silicates are numerous. 
Other feeble acids show the same tendency, for instance, boric, 
tungstic, molybdic, and chromic acids. 

Metallic silicates cannot be prepared by precipitation with 
alkali silicates, for hydroxides and hydrous silica are the main 
products. They may be prepared by fusing mixtures of the 
oxide and silica, the cooled product generally forming a glass. 

Structurk of Silicates 

The systematic chemistry of the silicates olfers a difficult 
problem. In the simpler cases, the empirical formulae, derived 
from analyses, enabled them to be classified tentatively as 
derivatives of orthosilicic acid, H4Si04, or metasilicic acid, 
HgSiOs, or of complex silicic acids derived therefrom by 
condensation and elimination of water, thus: 

-HaO -2HaO 

21148104 -> HeSi207 HaSiaOg 

orthodisilicic acid mctadisilicic acid 

-2HaO -2II.,0 

31148104 " > UgSiaOio 11481308 

orthotribilicic acid metatnsilicic acid 

The structure of more complex natural silicates could not be 
derived thus, for, by reason of their refractory character and 
insolubility, no information was available regarding their 
molecular condition. It was not until W. L. Bragg and his 
co-workers in brilliant fashion attacked the problem by X-ray 
analysis of the solid structures, that an accurate basis for sys- 
tematic treatment was obtained; Goldschmidt and Pauling 
contributing on the theoretical side. 

Ionic Structures.— The fundamental structures of silicates 
are the tetrahedral grouping of four oxygen atoms round each 
silicon atom, and the linking of tetrahedra through apical 
oxygen atoms. If the tetrahedron be also an ion, Si04®, its 
formation is only possible if four electrons (marked x) are 
acquired, and its behaviour is consistent with the localization 
of one negative charge on each oxygen atom. 
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A crystal containing these negative oxygen atoms will be 
neutral if positive ions of suitable charge are inserted at 
appropriate points. These positive ions are “ co-ordinated ** 
by the oxygen atoms, the term referring simply to the spatial 
disposition of the oxygen atoms round the ions, and not (im- 
plying the co-ordinate link of Sidgwick. \ 

The ion (Si04)" is the simplest structure, and exists as such 
in orthosilicates, e.g. zircon^ ZrSi04, garnet^ Ca3Al2(SiOi)3, 
topaz^ Al2F2Si04, and olivine (Mg, Fe”)Si04. \ 

In olivine, X-ray analysis reveals that the [8104] ions afe 
linked electrostatically by the positive Mg’^^ ions (which may 
be replaced by Fe++), each Mg++ ion being surrounded, or 
co-ordinated, by six oxygen atoms. By this means, 2/6 = 1/3 
of the field due to each oxygen atom is neutralized. Complete 
neutralization is achieved by the lattice structure allowing 
three Mg++ ions round each oxygen atom. 

In garnet each calcium or aluminium ion is surrounded by 
eight and six oxygen atoms, respectively. Ca++ may be re- 
placed by Mg++ or Fe++, and A 1 +++ by tervalent iron or 
chromium. 

Further development of independent groups arises when 
two, three, four, or six tetrahedra are linked through apical 
oxygen atoms; such bonding atoms are neutral and play no 
part in co-ordinating positive ions. 

The three ions illustrated below are present respectively 
in melilite^ Ca2MgSi207, benitoite^ BaTiSigOg, and beryl, 
Be3Al2SieOig, the only example known to contain this ring. 
Again these groups are bound in the crystal by co-ordination 
of the positive ions by the charged oxygen atoms. 

Here the beryllium ion is the centre of a tetrahedral arrange- 
ment of oxygen atoms, while for A1+++ the arrangement is 
octahedral. 
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Ghain Structures. — By extending the SigO; group, a chain 
structure is developed, which by duplication may form a band 
structure, both being co-extensive with the dimensions of the 
crystal; no ions or molecules exist. The silicon oxygen ratios 
in the two structures give the formulae (SiOa)^^ and (Si40ii)„, 
respectively. 


O O C) O O O O 

1 \/ I 1 

Si — O — Si — O — Si — O — Si — O — Si . . 

I I I 

q c)_ 

■ 1 ' ■ ‘I ■ I ■ 

Si— o— Si— o— Si— a- Si o— Si . . 


(SiOaV- 


I- (Si40ii)n® 


o o o 


Correctly projected, each triad of atoms, — Si — O — Si — , in 
the band structure, will lie on the sides of a hexagon. 

When such chains or bands are linked by positive ions the 
resulting structure shows a fibrous cleavage, as in diopdde^ 
CaMg(Si03)2 and chrysotile, (OH)eMg6Si40ii, HgO. The 
latter is a source of commercial asbestos. 

Sheet Type. — By an extension of the band structure up- 
wards and downwards, sheets of hexagonal rings will be 
obtained in which each Si atom will have one singly bound 
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oxygen, and giving the formula (SigOs)^^". Such laminar 
structures occur in talc^ Mg3(OH)2Si40io, and in muscovite 
mica, K(OH)2Al2[(AlSi3)Oio]. Their extended silicon sheets 
are cemented in pairs by Mg++ and A 1 +++ ions, respectively, 
which are bound to the charged O atoms and OH ions. In 
talc, the resulting neutral sandwich structures are weakly held 
together in the mass: in mica, they are more firmly bound 
by the K+ ions required to neutralize the structure. j 
Net Structures. — If all four oxygen atoms are usid to 
link tetrahedra then the resulting three-dimensional network 
is neutral silica itself (Si02)n« \ 

Aluminium may be present in silicates as the positive \ion, 
A1+++, or it may replace silicon in fourfold co-ordination v^ith 
oxygen, still maintaining the ratio (Ma-O^)^ (cf. mica abo^e). 
This change from Si04 to AIO4, however, requires an ad- 
ditional electron, and this in general is compensated by 
suitable positive ions. From (Si02)„ we may derive, therefore, 
such aluminosilicates as the felspars, orthoclase, K(A 1 813)03, 
albite, Na(AlSi3)08, anorthite, Ca(Al2Si2)08. 

In the zeolites, a similar but more open network allows the 
retention of loosely held water molecules. These minerals 
are valuable for their base exchange reaction utilized in the 
“ Permutite process of water softening. One example is 
natrolite, Na2(Al2Si3)OiQ, 2H2O. 

The ultramarines and related minerals possess the ideal 
framework (Al6Si3024)®“, i.e. (M02)i2* Cavities in this struc- 
ture contain eight Na+ ions (which are replaceable by other 
cations), the excess positive charge being neutralized by 
similarly placed anions, such as 83”, 83“", 804"" or Cl"". 

Various complex stannic acids and their salts have been 
reported, but some of the reactions noted below are probably 
due to colloidal SnOg of varying particle size and water 
content. 

In addition to the metastannic acid, or a-stannic acid, 
which was mentioned above, a polymer, generally described 
as ]8-metastannic acid, or jS-stannic acid, is formed by 
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the action of moderately concentrated nitric acid on tin. 
Stannic nitrate is probably first produced, but being unstable 
decomposes into oxides of nitrogen and an insoluble cream- 
white powder possibly having the composition indicated below. 

By the action of cold sodium hydroxide solution on ) 8 -stannic 
acid a crystalline powder having the composition NagSn^On, 
4H2O is formed; the potassium salt, also, is K2Sn50ji, 4H2O. 
Thus /i^-stannic acid, which when air-dried has the empirical 
composition SnOo, 2H2O, becomes HgSngOii, 9H2O; and the 
acid dried in a vacuum, having the composition SnOg, HgO, 
is H2Sn50ii, 4H2O or Sn509(OH)2, 4H2O, corresponding with 
the alkali salts. By the action of hydrochloric acid on /^-stannic 
acid a chloride having the composition SSnOg, 2 HC 1 , SHgO is 
formed; this is jS-stannyl chloride: SngOgClg* 4H2O, the 
chloride of ^-stannic acid. Prolonged action of hydrochloric 
acid on /^-stannic acid produces stannic chloride, SnCl4, and 
concentrated potassium-hydroxide solution similarly forms 
potassium a-stannate, KgSuGg, these polymeric varieties of 
stannic acid being broken down by such treatment. 

Thus stannic oxide resembles silica in being the parent 
substance of various complex acids and salts, though it differs 
from it in possessing distinctly basic properties; stannic acid, 
like silicic acid, can also exist in the colloidal state, but in such 
a condition is very unstable. 

Oxides of the Type MO and their Derivatives 

The type MO is represented by the oxides GO, SiO,* GeO, 
SnO, and PbO. CO is generally regarded as a neutral oxide, 
GeO is little known, SnO and PbO are feebly basic oxides, 
which are obtained in hydrated form from their salts by 
precipitation. As might be expected, these salts show a ten- 
dency to be hydrolyzed by water, giving rise to basic salts. 

• SiO is said to be obtained as a by-product in the preparation of carborundum 
in the electric furnace. It results from the reduction of silica by carbon, and is 
described as a red powder with reducing properties. H. N. Potter, Electrochem , 
and Met . Ind . (1907), 5 , 442. 
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The hydrated oxides also exhibit acid properties by reason 
of their solubility in excess of alkali hydroxide solutions. 

Carbon Monoxide. — The relationship of carbon monoxide 
to formic acid is interesting. Although carbon monoxide does 
not yield that acid with water, it is gradually absorbed by 
strong potassium hydroxide, producing potassium formate, 


CO + KOH = H • 

and might therefore be considered the anhydride of fjormic 
acid, especially also as it is obtained when the acid Js de- 
hydrated by means of sulphuric acid. An inspection or the 
constitution of the oxide and acid shows, however, that formic 
acid is not hydroxyl ated carbon monoxide, which woulq be 

OH \ 

C<^OH» combination of the oxide with potassium hy- 


droxide involves a molecular rearrangement, as is shown in 
the above equation. Only in a limited and unusual sense, 
then, can carbon monoxide be considered the anhydride of 
formic acid. 

Stannous oxide, SnO, is a black powder, obtained by 
igniting the hydrated oxide out of contact with air. 

The hydroxide Sn(OH)2 is said not to exist, for the white 
precipitate formed by the addition of alkali hydroxide or car- 
bonate solution to a solution of a stannous salt is Sn20(0H)2; 
this dissolves in excess of alkali hydroxide, forming a stannite 
which is not Sn(OM)2 but M*[HSn02l, a salt whose mono- 
hydrate is a hydroxo-salt M*[Sn(OH)3]; thus SnO exhibits 
both basic and acidic properties like alumina. Stannous 
sulphate and nitrate are formed by the action of the dilute 
acids on tin or hydrated stannous oxide, and are very easily 
hydrolyzed by water. Stannous carbonate is unknown. 

Lead monoxide, PbO, known as litharge or massicot, is the 
most stable oxide of lead, resulting when either of the other 
oxides is ignited strongly in air. It is fusible and may* be 
obtained crystalline. The hydroxide exists in the forms 
Pb2C>(OH)2 and Pb302(0H)2, and is slightly soluble in water, 
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to which it imparts an alkaline reaction. It is formed in solution 
when water containing dissolved oxygen acts on metallic lead. 
In spite of the basic properties indicated by its alkaline reaction, 
lead hydroxide, when precipitated from a lead salt by alkali 
hydroxide, dissolves in excess of the reagent, producing plum- 
bite hydroxo-ions, [Pb(OH)3]-, [Pb(OH)4]- and [Pb(OH) 6 ]--. 

Since lead is more basigenic than tin, its oxysalts, derived 
from PbO, are more stable than the stannous oxysalts. Lead 
sulphate, PbS04, is nearly insoluble in water; consequently 
the action of dilute sulphuric acid on lead, with the evolution 
of hydrogen, is soon arrested by the formation of a crust of 
sulphate upon the metal; lead, however, dissolves in warm, 
concentrated sulphuric acid, forming an acid sulphate, thus: 

Pb -f 3H,S04 - Pb{HS04)2 + SO 2 -I 2 H 2 O; 

this salt is hydrolyzed by water, PbS04 being precipitated. 
In its insolubility in water and its solubility in concentrated 
sulphuric acid, as well as by reason of isomorphism, this salt 
closely resembles barium sulphate. Lead nitrate, Pb(N03)2, 
formed by dissolving the metal or the oxide in nitric acid, 
crystallizes in regular octahedra, isomorphous with barium 
nitrate. Its aqueous solution shows but a faintly acid re- 
action; basic salts, such as Pb(0H)N03, are formed when the 
solution is digested with lead monoxide. A further resem- 
blance between lead and barium is shown in the properties of 
the chromates, both of which are yellow solids insoluble in 
water and acetic acid. This resemblance, however, does not 
extend to chemical properties* it is not generic, as the hy- 
drolysis and solution of lead chromate by alkali hydroxide, 
owing to the acidic properties of lead hydroxide, whilst barium 
chromate is insoluble in this reagent, is sufficient to indicate. 
It may here be pointed out that no true conclusion as to the 
relationships between elements can be drawn from a considera- 
tion of the physical properties of their compounds alone. The 
chemical differences between barium and lead and their com- 
pounds require the elements to be placed in different categories, 

( d 170) 10 
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apart altogether from the indications of the periodic law. 

Lead carbonate, PbCOs, is precipitated when alkali-bicar- 
bonate solution is added to a lead salt, a basic carbonate 
resulting when the normal carbonate solution is used. White- 
lead is the basic carbonate, 2PbC03, Pb(OH)2. The native 
form of lead carbonate, cerussite, is isomorphous with barium 
carbonate, but except for their insolubility in water there is 
no further resemblance between the two salts. Tin, being 
less basigenic than lead, forms no carbonate. 

Suboxides ^ 

Carbon suboxide, ^ C3O2, a volatile liquid, B.P. 6°, is drived 
from malonic acid by dehydration thus: \ 

— COOH 

CHa > CH2 >0 

COOH 

malonic malonio 

acid anhydride 

Electron diffraction experiments show that the molecule is 
linear. It is a ketene which combines with two molecules of 

formic acid to give 

Carbon suboxide combines with water, hydrogen chloride, 
and ammonia, to form malonic acid, malonyl chloride, and 
malonamide, respectively. It polymerizes slowly to a red 
solid at 15 °, more rapidly at 200° when gaseous dicarbon, C2, 
is also formed : C3O2 = COg + Cg. 

Lead suboxide, PbgO, is the first product of the oxidation of 
lead, and is obtained as a black powder when lead oxalate is 
heated out of contact with oxygen: 

2 PbC 204 = PbaO + CO + SCOg. 

When heated, this oxide decomposes into lead and monoxide; 
but by interaction with alkyl halides it yields lead subhalides. 

• Diels and Wolf, Ber. (1906), 39, 689; Stock and Stoltzenbcrg, Ber. (i9i7)» 498 * 
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Sulphides 

The sulphides of the group resemble the oxides in chemical 
properties . The more important are CSg — together with COS 
— SnS, SnSg, and PbS, A gradation of properties may be 
observed in these sulphides similar to that which obtains in 
the oxides, though, as in other groups, the sulphides are 
distinctly less acidic than the corresponding oxides. Carbon 
and tin disulphides dissolve in alkali sulphide solutions, 
forming thiocarbonates and thiostannates respectively. With 
alkali hydroxides, mixtures of thio- and oxysalts result, or 
salts of the oxyacids in which oxygen is partially replaced 
by sulphur. Lead sulphide is insoluble in alkali hydroxides 
and sulphides, which fact, considering that lead hydroxide is 
soluble in potassium-hydroxide solution, illustrates the more 
feebly acidic character of the sulphide. The difference of 
behaviour of lead and tin sulphides towards alkalis serves 
to separate the metals in analysis. 

Carbon disulphide, CSg, boils at 46° under atmospheric 
pressure, the boiling-point of COg being —78°. As thiocar- 
bonic anhydride, carbon disulphide might give rise to two 
acids, orthothiocarbonic acid, H4CS4, and metathiocarbonic 
acid, H 2 CS 3 , and their salts. Salts of both acids exist, though 
those of the meta-acid are the more important. The meta- 
acid is known in the free state, and is produced as an unstable 
yellow oil, when an aqueous solution of sodium metathiocar- 
bonate, formed by dissolving carbon disulphide in sodium- 
sulphide solution, is acidified. In accordance with the feebler 
character of the thio- as compared with the oxysalts, sodium 
metathiocarbonate is decomposed by carbon dioxide; thus: 

NaaCSs + CO2 + HaO = NaaCOs + CSa 4 * HaS; 


and when boiled with water in an inert atmosphere it decom- 
poses thus: 

NaaCSa = NajS + CSg*, NagS + 2HaO = 2NaOH + H^S. 
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With alcoholic potassium hydroxide, CSg yields potassium 
xanthate or xanthogenate, 

CSj + KOH + C,Hj-OH = + HA 

from which the acid itself, SC*OC2H5'SH, is separated as an 
unstable oil on acidifying; whereas by the action of excess of 
alcoholic potash, a sulphur atom is removed, and potassium 
ethyl monothiocarbonate results, 

sc + CASH. 

Isomeric with the unknown, unsymmetrical dithiocarfeonic 

OH . . 

acid, SC/qtt , of which xanthic acid is the ethyl ester, is the 
SH 

symmetrical acid whose ethyl ester results from the 

action of sodium ethyl sulphide on carbonyl chloride: 

COCh -1 ‘iCgHfiSNa - CO(SC2 Hb) 2 -f 2 NaCl; 

similarly the isomer of the above monothiocarbonic acid 

OC<^g^^, namely SC ^OH’ represented in the form of its 

ethyl salt, prepared by the action of sodium ethoxide on thio- 
carbonyl chloride: 

CSCI2 + ‘iCsHgONa - CS(OC2 Hb)2 -I 2 NaCl. 

The gas, carbon oxysulphide, or carbonyl sulphide, results 
from the direct union of carbon monoxide and sulphur at 
high temperature, also from the hydrolysis of thiocyanic acid, 
liberated from its salts, by dilute sulphuric acid. 

— NH, + COS. 

The oxysulphide dissolves in alcoholic potassium-hydroxide 
solution, forming potassium ethyl monothiocarbonate, in a 
manner entirely analogous to that by which xanthates are 
produced from carbon disulphide; 

COS + KOH + CaH*OH - + HA 
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When dilute aqueous potassium-hydroxide solution is usea. 
potassium carbonate and sulphide are formed; thus: 

COS + 4KOH - KaCOa + K^S + aHaO, 

the wholly metallic monothiocarbonate, 


which might be expected, not being formed. Similarly the 
oxysulphide is slowly decomposed by water into COg and 
HgS. From ethyl monothiocarbonate, hydrochloric acid liber- 
ates the oxysulphide, thus: 

COCOCaHfi) (SK) 4- HCl = -f KCl 4- COS. 

Stannous sulphide, SnS, a dark brown powder, insoluble 
in water, is decomposed by concentrated hydrochloric acid, 

SnS + 2HC1 SnCla 4- ILS; 

the metallic properties of tin are thus manifested, since less 
metallic sulphides such as arsenious sulphide, AsgSg, are not 
attacked by this reagent.* 

Stannous sulphide is soluble with some difficulty in sodium- 
hydroxide solution, even when the precipitate is finely divided; 
the following reaction takes place: 

2SnS + 2NaOH - HSnOONa 4- HSnSSNa. 

SnS is practically insoluble in dilute sodium-sulphide solu- 
tion, but a concentrated solution of this reagent gradually 
decomposes it into SnSg and Sn, the former of which dissolves 
readily, and the latter slowly, giving off hydrogen, thus: 

SNagS 4- Sn 4- IllgO - NagSnSs 4- 4NaOH + 2 H 2 . 

Stannous sulphide easily dissolves in alkali polysulphides, 
including yellow ammonium sulphide, forming thiostannate, 
just as stannous oxide and chromic oxide dissolve in sodium- 

• With this may be compared the different behaviour of non-metallic and metallic 
chlorides towards sulphuric acid. 
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peroxide solution, forming sodium stannate and chromate 
respectively: 

SnS 4- Na 2 S 2 = NajSnSa 

SnO + Na202 = Na 2 SnOa 

CrjOa + SNaaOj + HjO = 2 Na 2 Cr 04 + 2NaOH. 

Stannic sulphide, SnSg, when prepared by subliming a 
mixture of tin, sulphur, and ammonium chloride, is known as 
mosaic gold; when precipitated it is a dull-yellow powder, 
which generally contains some hydrated dioxide. It dissolves 
easily in alkali sulphide and hydroxide solutions, thus showing 
superior acidic properties to SnS, and forming thiosta|pnate 
and a mixture of stannate and thiostannate respectively.! 

Metathiostannic acid, H2SnS3, and its alkali salts, \e.g. 
NagSnSg, 2H2O, exist in the solid state, and an orthosalt of 
the composition Na4SnS4, I2H2O has been prepared. 

Acids decompose thiostannites and thiostannates, reprecipi- 
tating stannous or stannic sulphide: 

NaHSnSa + HCl = SnS + NaCl -f HaS 

NaaSnSs + 2HC1 = SnSa + 2NaCl + HaS; 

whilst alkalis convert them, as they do thiocarbonates, into 
oxysalts and alkali hydrosulphide: 

NaaSnSg + 3NaOH « NaaSnOg + 3NaSH. 

This reaction illustrates the superior stability and acidity of 
the oxides over the sulphides. 

SUB-GROUP IV A 

Titanium^ Zirconium^ Hafnium , and Thorium 

The elements of sub-group IV A, titanium, zirconium, 
hafnium, and thorium, are more metallic than those of the B 
sub-group, and the metallic properties increase with rise of 
atomic weight in accordance withj:he requirements of the 
periodic law. As, however, was pointed out in the introduc- 
tion to this group, the differences between analogous members 



GROUP IV 


269 


of the sub-groups are less in this than in any other group. 
The types of compounds formed in this sub-group are more 
numerous than in sub-group B. 

Titanium occurs as TiOg in rutile^ brookite and anatase: the 
main source is ilmenitey FeTiOg. Zirconium occurs as zircotiy 
ZrSi 04 , ZrOg, and in some silicates: in many instances 
associated with considerable amounts of hafnium. Thorium 
occurs as the silicate thorite y and in monazite sandy (Th, Ce, 
La, &c.), phosphates. 

Hafnium. — In 1911 G. Urbain claimed to have discovered 
celtium in some lutecium-ytterbium residues, but the claim 
was not substantiated. In May, 1922, Dauvillier examined the 
X-ray spectrum of these residues, and detected element 72. 
Urbain claimed that this was celtium, but the isolation of the 
element was doubtful. In January, 1923, D. Coster and G. von 
Hevesy reported the discovery of element 72 in zirconium 
minerals, and named it hafniuniy Hf, from Hafnia, an ancient 
name for Copenhagen. 

The new element is a metal not of the rare-earths, but of 
the zirconium family, and, notwithstanding Urbain’s claim for 
celtium, the name hafnium has been adopted for it. It is 
found in zirconium minerals from various parts of the 
world, and in commercial zirconium preparations. It is 
estimated to constitute more than 0*002 per cent of the 
earth’s crust, zirconium constituting 0*017 and thorium 0*002 
per cent. 

Hafnium and zirconium may be separated by fractional 
precipitation of their phosphates or by crystallizing the oxy- 
chlorides, MOCI 2 , the salts of hafnium being less soluble in 
both cases in acid solution. A better separation is effected by 
fractionally crystallizing the ammonium or potassium hexa- 
fluorides, the hafnium salts being the more soluble. 

The two metals may be obtained by reducing their complex 
alkali fluorides, or their tetrachlorides by sodium or potassium. 
Titanium is produced by similar methods. 

KaMFe + 4K = 6KF + M. 
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Hafnium may be purified by decomposing the volatile 
Hfl4 by a glowing tungsten wire. It is of use in tungsten 
filament manufacture. 

The following oxides are known: 



Ti 

Zr 

Hf 

Th 

M202 . . 

. . TiaOa 

— 

— 

— 

1VI208 . . 

.. Ti 203 

Zr203 

— 

— 

M02 .. 

.. Ti 02 

ZrOa 

HfOa 

ThOa 

M20, .. 

— 

Zr 205 

— 

— , 

M03 .. 

.. TiOa 

ZrOa 

HfOs 


1VI207 . . 

— 

_ 

— 



Of the typical oxides, TiOg is trimorphous and ampho- 
teric, dissolving in sulphuric acid, and yielding titanatfc by 
alkali fusion, it is valued as a white pigment because of its 
great covering power; ZrOg is also amphoteric, but more basic 
than TiOg, it is refractory and may be employed for making 
crucibles to be heated to 2000°; HfOg resembles, but is more 
basic than ZrOg; ThOg is decidedly basic, forming numerous 
stable salts, and with 1 per cent of ceria const^utes the material 
of the incandescent gas mantle. 


Hydroxides Corresponding with the Typical Oxides 

These are precipitated from the corresponding salt solutions 
by alkali hydroxide; Ti(OH)4 is almost insoluble, and the 
other hydroxides are quite insoluble in excess of alkali. Tita- 
nium hydroxide, Ti(OH)4, when precipitated from cold 
solutions, is readily soluble in acids; TiO(OH)2, which is 
formed from hot solutions, is soluble in acids with much 
difficulty, and is therefore, probably, polymeric, like j8-meta- 
stannic acid. A solution of TiCl4 in water probably contains 
colloidal titanic acid, from which the insoluble form separates 
on long heating. 

Zirconium hydroxides, ZrO(OH)2 and Zr304(0H)4, re- 
semble those of titanium, except that they are completely 
insoluble in alkali-hydroxide solution. Alkali zirconates, 
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formed by fusion, are completely hydrolyzed by water, but 
the hydroxide tenaciously retains alkali. 

Hafnium hydroxide, dried at 100^, is HfO(OH) 2 . 

Thorium hydroxide, Th(OH) 4 , is a stable, non-acidic, 
substance, forming ThOj directly by ignition. 

Halides MX4 

The halides show a transition of properties with rise of 
atomic weight, signifying a change from feebly- to well- 
developed metallic characters in the elements. 

The fluorides of the elements of a group often show ex- 
ceptional properties when compared with the other halides. 
These properties are, in the case of non-metals, the power to 
form stable complex acids by combination with hydrofluoric 
acid, an example of which is seen in hydrofluosilicic acid, 
HgSiFg, and in the case of metals, great differences of solu- 
bility, as shown in the case of the alkaline-earth fluorides, 
when compared with the corresponding chlorides. Both these 
peculiarities are observable in the fluorides of this sub-group. 

Titanium tetrafluoride, TiF^, is a colourless mass which 
boils at 284®. Since TiC^ boils at 136®, TiF^ is probably 
polymerized at its boiling-point. The alkali titanifluorides, or 
hexafluotitanates, M’jTiFg, are stable salts isomorphous with 
the corresponding silici-, germani-, and stannifluorides. 

Zirconium tetrafluoride, ZrF 4 , is sparingly soluble in, and 
not hydrolyzed by water; ZrF 4 , SHgO can be crystallized from 
dilute hydrofluoric acid solution. The zirconifluorides are well- 
defined salts, isomorphous with the other complex fluorides of 
the group, whilst the zirconichlorides are not formed in the wet 
way (cf. titanichlorides). 

Hafnium tetrafluoride forms hafnifluorides, or fluo- 
hafnates of the types M’gHfF® and M* 8 HfF 7 . 

Thorium tetrafluoride, ThF 4 , is a white, amorphous 
powder. The hydrate, ThF 4 , 4 H 2 O, is formed as a gelatinous 
precipitate when an alkali fluoride is added to a solution of a 
thorium salt. Thorifluorides also exist. 

(d170) 
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Of the chlorides, TiCl4 alone is a liquid, boiling at 136 °; it 
is apparently soluble in water, producing probably colloidal 
suspension of titanic acid. A solution of TiCl4 in hydrochloric 
acid contains HgTiCle, to which the salt (NH4)2TiCl4, 2H2O 
corresponds. ZrCl4 is crystalline and volatile, and gives with 
water the oxychloride ZrOClg; it thus resembles BiClg in 
saline character. IIfCl4, like ZrCl4, is volatile, and forms 
HfOClg which is less soluble than ZrOCl2. ThCl4 sublimes 
when chlorine is passed over a heated mixture of ThOg and 
carbon. It forms crystallohydrates with water and double salts 
with alkali chlorides. 

OxYSALTS Corresponding with the Typical Oxides ' 

V 

The existence of titanic sulphate, Ti(S04)2, is doubtful, 
but basic sulphates such as Ti20(S04)3 and Ti0S04 exist, as 
well as complex titani- and titanylsulphates, e.g. K2Ti(S04)4 
and (NH4)2S04, Ti0S04, 4 HaO. The carbonate and nitrate 
do not exist, and the sulphide is not formed in the wet way; 
indeed all titanic salts are completely hydrolyzed by water. 

Zirconium sulphate, Zr(S04)2, is produced when the. hy- 
droxide is dissolved in sulphuric acid. It forms basic salts, 
and leaves a residue of zirconia on strong ignition. An un- 
stable nitrate exists, and a basic carbonate, but the sulphide 
is not formed in the wet way. 

Hafnium sulphate, Hf(S04)2, is rather more stable towards 
heat than Zr(S04)2; sulphide is formed in the dry way, 
and several phosphates as well as the oxalate are known. 

Thorium sulphate and nitrate are well-defined soluble 
salts which are little hydrolyzed by water. The aqueous 
solution of the sulphate Th(S04)2 forms several crystallohy- 
drates, separating at different temperatures, and also double 
or complex salts with alkali sulphates. The basic carbonate, 
obtained by precipitation by alkali-carbonate solution, dissolves 
in excess of the precipitant, forming a double salt. The 
sulphide is not formed by precipitation in the wet way. 
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Derivatives of Lower Oxides 

Titanous chloride, TiCIs, is obtained from TiCli by reduc- 
tion with hydrogen. It consists of violet scales which form 
with water a violet, strongly reducing solution. On this 
account TiC^ is used for the volumetric estimation of ferric 
iron, organic nitro compounds, and other reducible sub- 
stances.*^ When heated, this salt decomposes into volatile 
TiCl4 and non-volatile TiC^, to which the oxide Ti202 
corresponds. Alkalis precipitate Ti(OH)3; TigOg, which 
results from heating TiOj in a current of hydrogen, is more 
basic than the latter oxide, and forms a well-defined sulphate, 
yielding rubidium and caesium alums. Zirconium forms 
lower salts, ZrClg and possibly ZrClg*, thorium forms none. 

Peroxidized Compounds 

The peroxides, MO3, are obtained in a hydrated condition, 
when aqueous or alcoholic solutions of suitable salts are 
treated with ammoniacal hydrogen peroxide. The precipitates 
are peroxy-ortho-acids of the type M(OOH) (OH)3, unless in 
the case of thorium, which gives Th^O,, 4H2O. 

The titanium compound is yellow, and when potassium 
fluoride is added to its solution in hydrochloric acid, potassium 
titanifluoride, KgTiFg, is precipitated, and hydrogen peroxide 
is formed in solution. The hafnium compound is more stable 
than that of zirconium. Alkali pertitanates and perzirconates 
of the type, K4MO8, GHgO, are known indicating that the 
peroxy-hydroxides are acidic in character. No perhafnates 
are known. The thorium compound, Th207, 4 HaO, is a basic 
superoxide which passes by loss of oxygen into the more 
stable Th03. 

If hydrogen peroxide be added to an acid solution of zir- 
conium sulphate, a peroxidized basic sulphate, Zr20eS04, 
SHgO is produced, to which no analogy is offered by the other 
elements. 

• Vide Knecht and Hibbert’s iVw Methods in Volumetric Analysis, 
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Titanium gives rise to (NH4)jTi02 F*. ammonium fluoroxy- 
pertitanate, which contains the ion (Ti02F5)“. 

Zirconium and hafnium show an extraordinary degree of 
resemblance attributed to the effect of the lanthanide con- 
traction (q.v.). In consequence, the molecular volumes for 
example, of the dioxides MOg, are almost identical; those of 
the complex fluorides, (NH4)3MF7, differ by 1-5 per cent. 
Methods of separation involving distillation, sublimation, or 
migration of ions, are unsatisfactory, since they depend more 
on difference in ionic radii than on particle mass. Neverthe- 
less, hafnium is slightly more basic than zirconiurau as is 
evidenced by the slightly higher decomposition temperature 
of the sulphate, the higher sublimation temperature ([above 
200°) of the tetrachloride, and the lower stability of its complex 
salts. 

The crystal structure of the salts, R2MF6 is similar to 
potassium chloroplatinate, KgPtClg, and (NH4)3HfF7 has been 
shown to contain the units (Nli4)2HfF6 and NH4F. 


CHAPTER IX 
GROUP V 


Sub-group A 


Sub-group B 


;7N(14-01) 

15 P (31-04) 

23 V (51-0) 33 As (74-96) 

41 Cb (93-5) 51 Sb (120-2) 

73 Ta (181-5) 83 Bi (208-0) 

91 Pa (230-6) 

Nitrogen, the first “ typical ” element of this group, presents 
more pronounced acid-producing characters than are met 
with in any of the preceding groups. For instance, whilst the 
acids formed by the oxides of carbon and silicon are weak, 
nitric acid is among the strongest acids. 
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Diminution of the acidic character of analogous compounds 
lakes place from phosphorus to bismuth in sub-group B; and, 
In accordance with previously recognized principles, the ele- 
ments vanadium, columbium, and tantalum, of the A sub- 
group, arc relatively the more base-producing. 

SUB-GROUP VB 

The ability to form stable, gaseous hydrides is a character- 
istic of non-metals, and the transition from non-metal to metal 
in the elements of this group is well shown in the properties 
of the hydrides, the stability of which diminishes from nitrogen 
through phosphorus and arsenic to antimony; whilst a hy- 
dride of bismuth, though shown to exist, has not been isolated. 
The heats of formation, which are a measure of relative chemical 
stability, together with the temperatures of rapid decomposition 


of these hydrides, are given below: 

! leat of 
Formation, 

Temppraturc 
of Rapid 
Decom position. 

NH, 

, , 

.. 118-9K 

. . 1300^ 

PI I. 

. , 

:)«•(( K 

. . 440'* 

AsH, 

. , 

-11-7 K 

. . 230® 

SbH, 


. . -84-5 K 

150® 


With the acid-forming properties of the elements themselves 
are associated base- or salt-forming properties in their hydrides, 
as is seen by comparing together ammonium and phos- 
phonium compounds. A 0*1 molar solution of ammonia in 
water contains USl per cent of its ammonia as ionized am- 
monium hydroxide, it being jgenerally assumed that NH 4 OH 
is formed as a weak base and then ionized; phosphine, how- 
ever, is only slightly soluble in water, forming a solution 
which is neutral. 

Phosphonium salts, too, are far less stable than those of 
ammonium; only the halides, and possibly the sulphate, are 
known, and these are at once decomposed by cold water with 
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the evolution of phosphine; in the case of ammonium salts 
an analogous hydrolytic decomposition takes place only slowly 
on boiling with water. The hydrides of arsenic and antimony 
do not form salts. 

It might be supposed that basic properties of the hydrides 
would increase from nitrogen to antimony, since the elements 
themselves become more basigenic. The formation of salts 
analogous to those of ammonium is, however, simply an 
extension of the power to produce hydrides, which, ih these 
elements, is a non-metallic property. Increase of electro- 
positive character in the central atom diminishes the stability 
of the hydride and, to a greater degree, that of the group 
Since, therefore, arsenic, antimony, and bismuth form hydrides 
of diminishing stability, in conformity with increase of basigenic 
character, they do not, for the same reason, form the group 
MH4+. As the affinity for hydrogen decreases, so increases 
the tendency for MCI3 to co-ordinate negative ions to give 
[MCI4]”, where M == As, Sb, or Bi, but not N or P. 

Thus the manifestation of basic properties by hydrides, 
which among all the elements is practically confined to nitrogen, 
depends upon the possession of non-metallic characteristics by 
the element, which enable it to take up an ion of hydrogen, 
forming the radicle, MH4+, when it becomes 4 -covalent. 

The base-forming properties of this class of compound are 
increased by the exchange of hydrogen atoms for alkyl groups. 
This is a general rule, which is illustrated likewise by deri- 
vatives of sulphur and selenium. Tetra-alkylammonium hy- 
droxides, formed by the action of moist silver oxide on their 
halides, are analogous in properties to sodium and potassium 
hydroxides, and possess a strongly alkaline reaction. Tetra- 
alkylphosphonium salts are much more stable than the 
simple phosphonium compounds, and they yield the hy- 
droxides by treatment with moist silver oxide. The same 
is true of tetra-alkylarsonium and stibonium compounds. 
Bismuth alkyls exist, but they do not possess basic 
properties. 
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• Where the acid itself is unknown the sodium or other salt is given. 
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Passing from the B to the A sub-group, it is found that none 
of the elements of the latter group form gaseous hydrides. 
This is consistent with what has previously been observed, 
namely, that members of sub-groups A form neither volatile 
hydrides nor volatile organo-metallic compounds. 

By reference to the synoptic table on the previous page, it 
will be seen that numerous oxygen compounds are known 
belonging to a number of different types. In a general study 
of the oxides or hydroxides of any group two considdrations 
must be borne in mind: (i) the diminution of acid-formihg pro- 
perties with increasing atomic weight, these persisting uonger 
in the B than in the A sub-groups; (ii) the enhancing of these 
properties in a particular element by the addition of oj^gen. 
Thus, for example, (i) taking the type R2O5 the acidic 'pro- 
perties diminish in the series NgOg, P2O5, AsoOg, SbgOg, BigOg 
from member to member, and (ii) considering the series 
NH4OH — - N{0H)5, the latter of which is represented in a 
meta form by N02*0H, the properties of the compounds 
change from those of a weak base to those of a powerful 
acid. 

Inasmuch as nitrogen and phosphorus possess strong indi- 
viduality and form some types of compounds which are un- 
represented among the other members of the group, it will be 
convenient to study them separately. Arsenic, antimony, and 
bismuth will then be compared with one another and with 
phosphorus, and finally the members of the A sub-group will 
be briefly considered. 


NITROGEN 

The atmosphere is the chief storehouse of nitrogen; thus 
the greater part of this element on our planet exists in the 
tree state. This fact may be attributed to the inertness of 
nitrogen; that is, the difficulty with which it combines with 
other elements. 

The subject of the fixation and circulation of nitrogen will 
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be dealt with at the end of this chapter; here it may be noted 
that the methods for preparing nitrogen artificially consist 
either in the oxidation of ammonia and its derivatives, or in 
the reduction of oxides of nitrogen. 

This is shown in the following reactions: 

4 NHs + 3O2 - 2N2 f 6 HaO; 2NH3 + 3 CuO - Na + 3 Cu 
+ 3HaO. 

2NH3 + aCla - Na + 6 HC 1 . 

2NH3 + 3 NaOBr - Ng + 3 NaBr + aHsO. 

C0(NH2)2 + 3 NaOBr -f 2 NaOH - + 3 NaBr + NaaCO. 

+ 3 HoO. 

NH4NO2 - Na + 2H2O. 

(NH4)2Cra07 ~ Nrt "f" Cr^Oa -j- 4 H 20 > 

N2O + Cu = Na + CuO; 2NO + 2Cu - Ng + 2CuO. 

Active Nitrogen. — ^When nitrogen passing through a tube 
at low pressure is submitted to a high-tension electric discharge, 
the gas glows and is converted into an active, probably atomic, 
form * of the gas which transforms white into red phosphorus, 
forms nitrides with sodium and mercury at 150 °, and combines 
with NO to form NO2 + N2, and acetylene to form HCN. 

Hydrides of Nitrogen 

Nitrogen forms the following compounds with hydrogen: 

NH3 Ammonia, 

N2H4 Hydrazine or Diamide, 

N2H2 Di-imide (existence doubtful), 

N3H Hydrazoic acid or Azoimide. 

This series of compounds shows a transition from basic to 
acidic properties, with a decrease in the proportion of hydrogen. 
N3H is more acidic than SHg, and is comparable with the 
hydracids of the seventh group, the complex N3 being analogous 
to a halogen atom. Increase in acidity with loss of hydrogen 
is a general phenomenon well illustrated in certain carbon 
compounds, for instance, the series: 

C2H8, C2H4, C2H2; 

• Strutt, Chem. Soc, Trans. (1918); 113 , 200 
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the last only of these compounds, acetylene, behaving as an 
acid, its hydrogen atoms being replaceable by metals. 

Ammonia, NHg. — Of this substance little need be said, 
its methods of preparation and properties being well 
known. 

One or more of the hydrogen atoms of NHg may be replaced 
by different elements or radicles, the nature of the resulting 
compound depending on the properties of the substituting 
atom or group. The alkali metals produce compound^ of the 
type NHgM, e.g. sodamide, NHgNa, which on contact with 
water breaks up into ammonia and sodium hydroxide, podium 
hypochlorite yields chloramine, NHgCl, an unstalile oil 
giving with alkalis NHg and Ng. Hydrocarbon radicles may re- 
place one, two, or three atoms of hydrogen, producing respec- 
tively primary, secondary, and tertiary amines. The aliphatic 
amines are more basic than ammonia, the basic properties 
increasing with successive replacement ot hydrogen atoms, 
as in the series NHg; NH2C2H5; NH(C2H5)2; N(C2H6)3. 
The aromatic amines are less basic than ammonia, and their 
basic properties diminish with successive replacement, as in 
the series NHg; NUgCgHg; NH(CeH5)2; N(CeH,)3, Tri- 
phenylamine, N(CflH5)3, is not a base. 

Ammonia reacts with acid chlorides to produce amides, 
RCONHg, which are either neutral substances or possess very 
feebly basic or acidic properties. 

Acetamide, CHg • CO • NHg, shows feebly basic properties 
by forming an unstable salt, CHg • CO • NHgCl, with hydro- 
chloric acid; and feebly acidic properties by dissolving 
mercuric oxide to form (CHg • CO • NH)2Hg. 

Hydrazine or Diamide, N2H4(= H2N — NHg), was 
obtained by Curtius in 1887 by the hydrolysis of tridiazoacetic 
acid by dilute mineral acids: 

CaH,N6(COOH)3 + 6H,0 - 3(COOH)2 H- 

(tridiazoacetic acid) (oxalic acid) 

Hydrazine is prepared by the prolonged heating of ammonium 
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thiocyanate, and nitration of the guanidine thus formed. The 
nitroguanidine is then reduced in acid solution, and a hydrazine 
salt obtained after elimination of the carbon dioxide formed 
as a by-product. The following changes occur: 

NH 4 CNS— ^ 

NHa\ NHa' +H,0 

/C=NH - /Crr^NH 

(NOj)NIl/ NHa-NH/ 

NHa\^ +HaO NH, + CO* 

>CO — 

NHa-NH/ +NH.-NHa. 

+ NHa 

Hydrazine is also formed from an inorganic source when potas- 
sium nitrososulphate, formed by the union of nitric oxide with 
potassium sulphite, is reduced in aqueous solution by sodium 
amalgam. The reaction is probably: 

KON==N • O • SO3K + 6H - N2H4 -f K2SO4 + HaO. 


Further reduction by the amalgam produces ammonia. 

Hydrazine is best prepared by the oxidation of ammonia in 
solution by sodium hypochlorite in presence of a little glue 
which acts as a protective colloid, inhibiting the reaction: 
2NH2CI + N2H4 — 2NH4CI -f Ng. The reaction is in two 
parts, monochloramine being an intermediate product, thus: 

NH3 + NaOCl - NH2CI -1 NaOH; 

H ^ H H H 

H:N:H + :Cl:N:H - H+ + :Cl: + H:N:N:H. 

It is crystallized from the solution as hydrazine sulphate. 

An aqueous solution of hydrazine, prepared by distilling a 
salt with alkali, is alkaline, and probably contains the di- 
hydrate, HONH3 — NH3OH. The monohydrate is obtained 
on evaporation as a highly refractive liquid, slightly heavier 
than water, boiling at 118'5°, and remaining liquid at —40°. 
It is hydrazonium hydroxide, NH 2 — ^NH 3 (OH). 
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Pure hydrazine was obtained by Lobry de Bruyn by treat- 
ment of the hydrate with anhydrous baryta and distillation 
under reduced pressure, as a hygroscopic liquid, boiling 
at 113*6® under ordinary pressure, and solidifying at 1*4®, It 
reacts vigorously with water, forming the monohydrate, and 
decomposes when heated thus: 3N2H4 — Ng + iNHg, 
Hydrazine is a powerful reducing agent, precipitating silver, 
mercury, and gold from their solutions at atmospheric tempera- 
ture. Fehling’s solution also is easily reduced. The [reaction 
is essentially N2H4 + 20 N2 + 2H2O, nitrogeh being 
evolved. Azoimide, N3H, results from the oxidation oAhydra- 
zine by hydrogen peroxide and sulphuric acid. \ 

Hydrazine forms two hydrochlorides, NgH^, HCl and ^2^4, 
2HC1; both salts are easily soluble in water. ' 

The dihydrochloride melts at 198®, losing HCl, and forming 
the monohydrochloride, which melts at 89°. 

The sulphate, N2H4, H2SO4, is sparingly soluble in water. 
Although hydrazine has only comparatively recently been 
isolated, its substitution compounds, particularly phenylhydra- 
zine, CeH5*NH*NH2, were known previously. The formation 
of hydrazides, R-CO-NH-NHg, and hydrazones, RgC : N-NH2, 
by hydrazine and its derivatives, are valuable reactions in the 
study of the carbon compounds. 

Hydrazoic Acid or Azoimide, NoH. 

The following substances may contain the azo grouping, 
^N=N— : 

Hyponitrous acid HO • N=rN • OH Azoimide \/ 

NH. 

Nitrous oxide N=^N=:0 or N--0— N. 

Di-imide, HN == NH, belongs to the same category, but has 
never been isolated. Azoimide was first obtained by Curtius 
from hippuryl hydrazine (CeH5CO*NH*CH2*CO*NH*NH2) 
and nitrous acid, the hippurylazoimide produced being hy- 
drolyzed by dilute acid or alkali. 
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Azoimide may be obtained by the action of nitrous acid on 
salts of hydrazine. This method of preparation is analogous 
to that by which nitrogen is obtained from ammonium salts: 

NHa N. 

I + NO • OH - II > + 2 HaO + HCl 

H • HCl 

NH2 Ns 

1 + NO OH li >NH + 2H2O -f HCl. 

NHg • HCl n/ 

W. Wislicenus prepared azoimide by the interaction of 
nitrous oxide and sodamide thus: 

2NaNH2 + N2O - NaNa -} NH3 4 NaOH, 

the sodium salt being decomposed by sulphuric acid and the 
acid obtained by distillation. 

Pure azoimide, obtained by distilling the potassium salt with 
dilute sulphuric acid, and condensing the dried vapours by 
means of liquid air, is a mobile liquid with a penetrating smell, 
boiling at 37®, freezing at —80®, and highly explosive, A 
dilute aqueous solution has an acid reaction, having undergone 
electrolytic dissociation to the extent of about 1 per cent. This 
substance is therefore known as hydrazoic acid, and its salts 
as hydrazoates or azides. The silver, mercurous, and lead 
salts are sparingly soluble in water, thus resembling the corre- 
sponding halides. Like the acid itself, they are explosive. 

The soluble alkali azides decompose at 300® evolving nitro- 
gen. The red colour due to ferric azide forms a convenient 
test for the acid. 

According to E. C. Franklin (1934), magnesium alone 
liberates hydrogen in small amount from hydrazoic acid; 
metals such as zinc, iron, manganese, or copper, produce the 
corresponding azides, nitrogen, and ammonia. The acid 
oxidizes ferrous azide to the ferric salt. Its analogy to nitric 
acid is apparent, and Franklin considers it to be ammononitric 
acid. 

Cu -f- SHNs - Cu(N 3)2 }- Na + NH3. 

3 Cu + 8HNO3 3 Cu(N03)2 + 2 N 0 + 4 HjO. 
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Als an alternative to the ring formula given above for the 
acid, Thiele suggested the structure N=N=NH, since by 
its reduction, NHg and N 2 H 4 are produced. Since quinqui- 
valent nitrogen is inadmissable, this must be represented as 
H — N=Ni±N. The parachors and small dipole moments 
of the organic azides indicate that resonating structures are 
present therein, R — N=Nz±N and R — N-^N = N. The ion, 
Ng”, is undoubtedly linear, as shown by X-ray analysijs and 
by the similarity of properties between NaNg and NaNCO. 
(Cranston and Livingstone, J, Chem, Soc. (1926), 501./ 

The relation between nitrous oxide and the azide \and 
cyanate ions may be shown electronically thus: 

.. .. \ 

NaO :N* :N- :0: [:N;:N;;0;r 

16 Srtrons “ electrically neutral. 

N's :N; :N* :N- [:N::N::N;r 

15 Sctrons pXlded ) “ « “bivalent anion. 

NCO' :N- :C: :0: -> [:N::C::6:]- 

16 Sons SdS tNCO] is a univalent anion. 

From band spectrum measurements it is concluded that 
nitrous oxide has a linear molecule, though the order of attach- 
ment of the atoms is still uncertain. 

Such molecules or ions showing identity of outer electronic 
configurations are called isosteres. It is not surprising that 
the ions Ng and NCO“ form isomorphous alkali salts, or that 
0=C=0, isosteric with N=N=0, should possess similar 
physical properties. Chemical properties, however, will differ. 

Classification of Certain Nitrogen Compounds 

The various classes of compounds each of which contains a 
single nitrogen atom may be advantageously summarized 
according to the following scheme, which shows the various 
stages of oxidation; 
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NX, 

NHs base 
NH2OH base 

NH • (0H)2 dihydroxyammonia 
Dehydration products 
(N * 0H)2, hyponitrous acid, 
and N2O 

[N(0H)3] orthonitrous acid 
NO * OH (meta)nitrous acid 
NjOa anhydride 


NX. 


[NH5]NH4a 

NH4OH 

[NH3(0H)2] 

Dehydration product ONRa 
(oxyamines) 

[NH(0H)4] 

Dehydration product R — NOa 
(nitro-compounds) 

[N(0H)6] orthonitric acid HNOs, 2HaO 
[NO(OH)J mesonitric acid HNOs, HaO 
NO2 * OH (meta)nitric acid 
NaOs anhydride 


Compounds in square brackets are unknown. 


NXs Type 

Hydroxylamine, NH 2 * OH(oxyammonia), was discovered 
in 1865 by Lessen, who obtained it by the action of nascent 
hydrogen on nitric oxide: 

2 NO i 6H - 2NH2-OH. 

It is also formed by the reduction of nitric acid by tin or zinc, 
and may be produced and identified by the following simple 
experiment: 

“ Pour some dilute sulphuric acid on zinc, and then a little 
nitric acid, when the effervescence will lessen to a marked 
extent; in half a minute pour off the acid solution and add 
potash in large excess to dissolve the zinc hydroxide; then 
add a little very dilute copper-sulphate solution. A yellow 
precipitate of hydrated cuprous oxide will be produced.’^ * 
I'his reaction may be represented by the following equation: 

HNO3 + «H - NHa -OH + 2H2O. 

Hydroxylamine may also be obtained by the reduction of 
nitroparaffins, such as CHg’NOg, or of ethylnitrate, C 2 H 5 NO 3 , 


• Divers. 
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but the most important method for the production of this sub- 
stance consists in the sulphonation of nitrous acid by sul- 
phurous acid and the hydrolytic reduction of the product. 

The following scheme represents the mechanism of the 
sulphonation of nitrous acid: 


2 H-S 03 H SOsH H-SOsH /-SO3H 
N— SO3H — N— SO3H, 

\OH XSO3HJ 

hydroxylamine nitrilosulphonu 

disulphonic acid acid 1 


The hydrolysis of these two products may be effected ii^ two 
ways. If water or dilute acid is used there is reduction With 
simultaneous production of sulphuric acid: \ 

/SO3H HOH xH HOH xH HOH 

N--SO3H — N— SO3H — N— H — NH4HSO4 

\SO3H XSO3H \SO3H 

f HO SO3H + HO-SOaH 
imidodisulphonic amidosulphonic 

acid acid 

/'SOsH HOH xH HOH /'H 
N—SOaH — N— SO3H N— H 

\OH \OH \OH 

H-HO-SOsH -hHO-SOsH 

hydroxylamine hydroxylamine 

sulphonic acid 


n<oh 


Hydrolysis by alkalis does not involve reduction, and sulphite 
is regenerated: 


/-SO3H 
N— SOgH 
\OH 


HOH 


^\OH 


+ 2 H-S 03 H. 


According to Divers, normal sulphites do not react with alkali 
nitrites. Nitrous and sulphurous acids react, but the presence 
of a base is necessary to combine with the products and render 
them stable. Thus the alkali salts of hydroxylamine disul- 
phonic and nitrilosulphonic acids may be obtained, and when 
the former are boiled with dilute acids, salts of hydroxylamine 
are produced: 

H0-N(S08Na)2 -f 2 H 2 O = H0 NH3 H 3 S 04 + Na^SOg. 
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How the hydrolysis of the compound NXgOH (where X 
is SO3H) proceeds depends upon the kind of approach made 
by the attacking water molecules, or rather whether hydrions 
or hydroxidions predominate in the solution. The two ways 
of approach are seen in the following schemes, in which only 
essential electrons are shown: 

HO X HOX 

H :N:OH — ^ h:N:OH 

X X 

In acid solution hydrion attaches itself to the lone pair of 
electrons of the nitrogen atom, and X combines with hy- 
droxidion. 


HOH X HO HX 

:N:OH — > :N:OH 
: X X 


In alkaline solution hydroxidion displaces X from com- 
bination with the nitrogen atom. 

To anticipate somewhat, it may be noted that salts of hy- 
droxylamine, NH2OH, HX, contain the basic radicle [NH3OH], 
so that the following analogy holds: 

[nH*]X [Ngyx [NHyX. 

Ammonium Hydroxylaminium Hydrazinium 

Salt Salt Salt 

The behaviour of hydroxylamine either as a base, an acid, 
or an oxidizing agent is shown in the following scheme: 

(ionization) 

H H 

H:N:6:H — »■ H:N:0 — >■ NH, + O (oxidizing agent), 
(acceptance of H-ion) 
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Pure anhydrous hydroxylamine was prepared in 1891 by Lobry 
de Bruyn, by bringing together hydroxylamine hydrochloride 
and sodium methoxide in methyl-alcoholic solution, sodium 
chloride being precipitated: 

NH*OH, HCl + NaOCHa - NHaOH + NaCl + CH3OH. 

The hydroxylamine was fractionated under reduced prpssure, 
after distilling olf the methyl alcohol, and obtained as 4 white 
crystalline solid, melting at 33° and boiling at 58° under ^ mm. 
pressure. Crismer obtained it in the same year by disnlling 
ZnCla, 2NH2OH. \ 

An aqueous solution of hydroxylamine is alkaline, bu^ un- 
stable, soon breaking up into nitrogen, ammonia, and Water 
according to the reaction: 3 NH 2 OH = Ng + NHg + 3HaO. 
It reduces copper, mercury, silver, and gold solutions, and 
decolorizes iodine with evolution of nitrous oxide thus: 

2NH2OH -f 20 - N2O + 3H2O. 

In presence of alkali, however, ferrous iron is oxidized thus: 

2Fe(OH)2 + NH2OH + H2O - 2 Fe(OH )3 + NKj. 

Hydroxylamine reacts with nitrous acid, first producing hypo- 
nitrous acid and then nitrous oxide: 

NH2OH -f HONO = HON=NOH + H2O 
HON-NOH = N2O + H2O. 

Hydroxylamine is employed for the preparation of oximes, 
which are formed from aldehydes and ketones according to 
the reaction: 

^‘>CO + HjNOH - NOH + H^O. 

It is chiefly known in the form of its crystalline salts, such as 
the hydrochloride, sulphate, and nitrate, which are more stable 
than the free base. 

Mono- and di- substituted hydroxylamines, NHRi • OH and 
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NRiR 2 • OH exist, but the displacement of the third hydrogen 
atom results in the formation of an oxyamine,* thus: 

/OR 

N— R ON— R 

\R \.R. 

Oxyamines, which are bases, may likewise be obtained by the 
action of hydrogen peroxide on tri-substituted amines, NRg. 

Ebler and Schott f believe hydroxylamine itself to be tauto- 
meric, thus: NHg-'OH NH3O. They regard the form 
NHgOH as feebly acidic, since calcium displaces hydrogen 
from hydroxylamine, forming the compound Ca(ONH2)2, 
calcium hydroxylamate. NH3O would thus be the basic form, 
while the hydroxylamine salts become oxonium compounds, 

[NHaOHJX. 

Hyponitrous acid, HgNgOg, stands midway, as regards stage 
of oxidation, between hydroxylamine and nitrous acid. The 
basic properties which characterize ammonia, and are less pro- 
nounced in hydroxylamine, give place to feebly acidic pro- 
perties in hyponitrous acid, which is comparable in strength 
with carbonic acid. Acidic properties are further increased in 
nitrous acid. 

On consideration of the relationship of hyponitrous acid to 
hydroxylamine and to nitrous acid, the following methods of 
preparation may be proposed: 

(a) Reduction of nitrous acid. 

(b) Oxidation of hydroxylamine. 

(f) Combination of nitrous acid with hydroxylamine. 

Each of these methods can be realized. 

(a) Sodium hyponitrite is formed by the action of sodium 
amalgam on sodium nitrite solution: 

2NaONO + 4H == NaO • N=N • ONa 4- 2 H 2 O. 

Again, as was previously shown, hydroxylamine sulphonic 

• Dunstan and Goulding, Chem. ^S’oe. Trans. (1899), 75 , 1004. 
ty. pr, Chem. (1908), ii, 78 , 289. 
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acid is formed by the hydrolytic reduction of hydroxylamine 
disulphonic acid, obtained by the sulphonation of nitrous acid: 

/-SO3H xSOsH 

N— SOaH + HOH - N— H + H 2 SO 4 . 

\OH VOH 

If the alkali salt of this acid is hydrolyzed by fusion with 
caustic alkali, which does not involve reduction, hyplonitrite 
is produced; I 

xSOsNa N-ONa \ 

2N-~H + 4NaOH - 1| -f 2Na2S08 + 4H8Q; 

XOH NONa 

thus, indirectly, nitrous is reduced to hyponitrous acid] 

( 6 ) Hyponitrous acid also results from the oxidation ot 
hydroxylamine by sodium hypobromite or silver oxide. 

(c) The same acid may also be prepared by introducing 
nitrous anhydride into a methyl alcoholic solution of hydroxy- 
lamine: 

2NHaOH + NaOa - 2HaN20a + HgO. 

Silver hyponitrite is formed as a yellow precipitate when silver 
nitrate is added to a solution of the alkali salt; and thence the 
acid itself can be isolated by the use of ethereal hydrochloric 
acid. On evaporation of the ether the acid remains as a white, 
crystalline solid, which dissolves in cold water; but its solution 
decomposes on warming, with evolution of nitrous oxide. 

The molecular weight of hyponitrous acid, determined by 
the cryoscopic method, corresponds with the formula HgNgOg. 
Acid and normal salts exist, e.g. KHN2O2 and K2N2O2. These 
facts, together with its modes of formation, indicate that 
hyponitrous acid is diazodihydroxide. It is possible, in accord- 
ance with the Hantzsch-Werner view of the stereochemistry of 
nitrogen, that such a substance may exist in two stereoiso- 
meric forms, known respectively as syn- and anti- forms: 

N-OH N-OH 

II II 

N-OH HON 

syn-fonn anti-form. 
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If two such bodies did exist, the syn-form should yield nitrous 
oxide and water more easily than the anti-form, owing to the 
closer proximity of the hydroxyl groups. 

An isomer of hyponitrous acid exists in nitramide, the 
amide of nitric acid. This substance is obtained by acidic 
hydrolysis of salts of nitrocarbamic acid: 

CO\nh.NO,+ ^ CO g|^ -l-NH,-NO,. 

Nitramide crystallizes in white leaflets, which melt at 72° to 75° 
with rapid decomposition. Its aqueous solution is strongly 
acid; and its salts easily decompose in solution, giving off 
nitrous oxide. 

These facts do not accord with the idea that the substance 
is the amide of nitric acid. There are two views as to its 
constitution. Thiele believed it to be imidonitric acid, 

HN=N\qj^, both hydrogen atoms being replaceable by 

metals. Hantzsch is of opinion that this substance is syndi- 
azohydroxide, owing to the great ease with which it yields 
nitrous oxide by decomposition when heated: 

N • OH N O 

II ' II + HgO. 

N OH N 

Under these circumstances hyponitrous acid would be antidi- 
azohydroxide: 

N*OH 

II 

HON. 

Nitrous acid, the final oxidation product of ammonia, is 
more unstable than hyponitrous acid, for, unlike the latter sub- 
stance, it cannot be obtained pure. The ortho-form, N(OH) 3 j 
is unknown, although Na 3 N 03 exists. The ordinary nitrites 
are meta-salts, NO • OM, and are very stable, but when the 
acid is liberated in solution it decomposes thus: 

4HNOa == 2NO + 2N08 + 2HaO; 
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but NO 2 reacts with water thus: 

2 NOa + H2O = HNO2 4- HNOa, 

so that, unless the solution is concentrated, no brown NOo 
leaves it, and the result, expressed by the sum of these equa- 
tions, is: 

SHNOa = 2NO 4- HNO3 4- HJO. , 

A solution of nitrous acid, obtained by dissolving its anlWdride 
in water at low temperature, undergoes the same change on 
warming. \ 

When silver nitrite reacts with an alkyl iodide a hitro- 
paraffin, or a mixture of nitroparaffin with alkyl nitrite, is 
produced. Methyl iodide gives nitromethane, CHjj'NOg, 
only, ethyl iodide yields a mixture of nitroethane, C 2 H 5 *N 02 , 
and ethyl nitrite, CgHg-O’NO; and the proportion of nitro- 
derivative diminishes with rise in the homologous series. 
From this it may be concluded either that silver nitrite can 
exist in the two forms Ag*0*N0 and Ag-N02, or, if in the 
first form only, that alkyl nitrites undergo partial or complete 
transformation into nitroparaffins. Since the proportion be- 
tween the amount of nitrite and nitro-compound formed varies 
when different alkyl compounds are used, it seems reasonable 
to assume that the phenomenon depends on the alkyl com- 
pound rather than on the structure of silver nitrite. Now, 
according to recent views of molecular structure, metallic 
nitrites are ionized in the solid state, and therefore do not 
exist in two molecular forms. If this is the case with silver 
nitrite, then it is the nitrite ion, whose structure is [O — 0], 
which reacts with the alkyl group, and whether a nitrite or a 
nitro-compound is formed must depend upon the behaviour 
of the particular alkyl group towards this ion. 

Nevertheless, nitrites of some of the feebler metals are pale 
yellow, like organic nitro-compounds. Silver nitrite in large 
crystals is slightly yellow, and so is mercurous nitrite. It may 
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be, therefore, that non-ionized metallic nitrites can have a 
nitro-constitution. 

Nitrites are prepared from nitrates by removal of oxygen, 
e.g.: NaNOa + Pb = NaNOg + PbO; they are soluble in, 
unless decomposed by, water; silver nitrite crystallizes readily 
from hot water. There are many double or complex nitrites 
e.g. CsAg(NOj^ 2 , K3Co(NO,)6. 

Structure of Hyponitrous and Nitrous Acids 

The formulation, given before, of hyponitrous acid as sym- 
metrical anti-diazohydroxide, is confirmed by the zero dipole 
moment of its esters. There seems little doubt that its formula 
is (HN 0 ) 2 , for, while nitric oxide and atomic hydrogen at low 
temperature produce hyponitrous acid, nitric oxide and sodium, 
in liquid ammonia solution yield sodium nitrosyl, (NaNO)„, 
which is distinguished from sodium hyponitrite by its different 
X-ray diagram and by yielding NO and not N 2 O with acids. 
This is comparable with NaCO, sodium carbonyl, which is 
prepared in analogous fashion from CO. 

Hyponitrous acid is thus: 

The nitrite ion [O— N=- 0]- is represented electronically 
thus: [:0:N::’6:]. It is seen to be a univalent anion 
because it contains 18 electrons, only 17 of which are provided 
by its constituent atoms. It appears that the nitro-group 

[0=N=0] containing quinquivalent nitrogen cannot exist, 
for if the N atom were bound to each of two oxygen atoms 
with a double bond, the union of that atom with another 
atom would be impossible, since all its eight electrons would 
be engaged, thus [;b::N::b:]' Moreover, if such a 
combination were formed it would be a univalent^ cation, 
since it would contain only 16 electrons, although its con* 
stituent atoms possessed between them, when free, 17 
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electrons. It follows therefore that the NOg group is 
always [ :0: N: : O: ] — ^whether nitrite or • nitro — and that 
in nitro-compounds attachment to the N atom occurs thus: 

R 

[:b:N::0:]. 

Nitrogen Trihalides j 

Nitrogen forms compounds with all the halogen ejements, 
those with chlorine and iodine being the best known] They 
are endothermic compounds which are explosive, chloride of 
nitrogen being a very dangerous substance. These compounds 
are prepared by the action of the halogens, or of acids bf the 
type HOX, on ammonia or ammonium salts. 

Nitrogen trichloride is obtained as a heavy, oily liquid 
by passing chlorine into a concentrated solution of ammonium 
chloride, or by suspensing a lump of ammonium chloride in a 
concentrated solution of hypochlorous acid. The following 
reactions occur: 

3 CI 2 -f- 3 H 2 O ^ 3HC1 4- 3HOC1. 

NH 4 CI + 3HOC1 NCI* I 3HoO I HCl. 

If, however, chlorine reacts with ammonia gas or solution, 
nitrogen results, together with ammonium chloride thus: 

301* -f 8 NH 3 - N* + 6 NH 4 CI; 
for since NCI3 reacts with moist NH3 thus: 

NCI* + NH* - N* + 3HC1, 

it cannot be formed unless the gases are anhydrous. 

The reversible reaction 

NH* + 3H0C1 ^ NCI* f 3H0H 

is interesting, since the action of water on nitrogen chloride is 
a case of hydrolytic reduction, analogous to the acidic hydro- 
lysis of nitrilosulphonic acid, N(S03H)3, in which ammonia 
is generated. NCI3 can hardly therefore be considered to be 
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the chloride of orthonitroiis acid, since no nitrous acid is 
produced in its hydrolysis. 

The boiling points of some halogen compounds of nitrogen 


are here tabulated. 

X. NX, 

NHXa 

NllaX 

xNOX 

NO,X 

F 

-119° 

-06° 

1 

0 

59-9° 

- 72-4 

Cl 

ca. 71“ 

? 

? 

- 0° 

-15° 

Br 

— 

? 

? 

-2° 

— 

I 

solid 

— 

— 

— 

— 


Nitrogen trifluoride, NF 3 , is formed by the exothermic 
reaction of fluorine and gaseous ammonia, or, accompanied by 
NHaF and NHFg, by the electrolysis of NH 4 HF 2 (Ruff, 1928). 
It is a colourless, poisonous gas showing a remarkable contrast 
in properties to the other trihalides, being non-explosive and 
non-reactive with water or caustic soda. When sparked with 
hydrogen it reacts violently to give nitrogen and hydrogen 
fluoride. The other two colourless gases, NHgF and NHF 2 
are more reactive, the first reducing Fehling’s solution and 
the second forming NaNFg with sodium. 

Colourless, gaseous oxyfluorides, NOgF and NOF, ni- 
troxyl- and nitrosyl -fluoride respectively, have been 
prepared (Ruff, 1932), and are more stable than the corre- 
sponding chlorine compounds. Nitroxyl fluoride is prepared 
thus: 

4NO + F2 - 2NO2F 4- Ng. 

The parallel reaction with chlorine and bromine forms the 
nitrosyl derivatives. With water, NO 2 F yields nitric, nitrous 
and hydrofluoric acids, while NOF reacts to give nitric and 
hydrofluoric acids, and nitric oxide. 

Nitrogen iodide. — By the action of iodine on aqueous 
ammonia the compound N 2 H 3 I 3 is obtained as a coloured 
crystalline explosive substance, which is decomposed by water 
in the same way as chloride of nitrogen. Thus the reactions 
are: 

3 I 2 + SHjO 3HI 4 3HOI and 
2 NH 3 + 3HOI ^ NaHala 4- 3 H 2 O. 


(d170) 


11 
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The final products of the action of water on N2H3I3 are am- 
monium iodide and iodate, formed by the self-oxidation and 
reduction of ammonium hypoiodite, NH4OI, 

This compound is best prepared, however, by adding iodine 
chloride to ammonia solution at 0°. 

ICl + ^NHg + H2O - NH4OI -f NH4CI 
3NH4OI - N2H3I3 + NH3 + SHaO. 

According to Silberrad * this substance has the conmtution 
NH3 : NI3, since it reacts thus with zinc ethyl: \ 

N 2 H 3 I 3 + 3Zn(C2H5)2 - SZnCaHsI + NH, + N(C2H5)3. 

Nitrogen tri -iodide, NI3, has been prepared (Ci\emer, 
1930), by the action of dry ammonia on KIBrg, the black 
explosive compound being washed free from soluble salts. 

3 KIBr3 I- 4 NH 3 - 3KBr + 3NH4Br + NI 3 . 

With gaseous ammonia it forms compounds NI3 , a?NH 3, 
where x = 1 to 12, the mono-ammine being the most stable. 

Halogen Azides . — Iodine azide, IN3, is formed by the 
reaction of silver azide, AgNg, and iodine. It is a white, power- 
fully explosive solid, which in aqueous solution hydrolyses to 
hydrazoic and hypoiodous acids. 

Ghlorazide, CIN3, is a colourless, detonating gas. 

Oxides of Nitrogen, NjO, NO, NgOg, and N 2 O 4 

All these oxides can be obtained from nitric acid by the 
action upon it of metals or other reducing agents. The two 
latter can only exist in the state indicated by the above formulae 
at low temperature. With rise of temperature dissociation 
takes place as follows: 

NjOa ^ NO + NO 2 

NjO* ^ NO2 + NO2. 

NgO and NO, nitrous and nitric oxides respectively, are 
neutral oxides; for although NgO is formed from hyponitrous 


• Chem. Soc. Proc., 284, 19 a. 
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acid by loss of water, it is incapable of combining with water 
or bases to form this acid or its salts. Nitric oxide is essen- 
tially an imsaturated substance, for although it does not form 
double molecules like NOg, it combines with liquid nitrogen 
peroxide at low temperature to form N2O8, and with chlorine 
to form nitrosyl chloride. 

Nitric oxide can be condensed to a colourless liquid which 
boils at — 153*6° under atmospheric pressure, whilst liquid 
nitrous oxide boils at —88°. 

Nitrous and nitric oxides are both endothermic compounds, 
their heats of formation being — 177 K and — 216 K respec- 
tively. Like other endothermic compounds they can be 
detonated with mercury fulminate. 

Dinitrogen trioxide, N2O3, exists as an indigo-blue 
liquid at low temperature. When this liquid evaporates it 
dissociates almost completely into NO and NOg. It has been 
shown by Baker and Baker,* however, that perfectly dry 
nitrogen trioxide evaporates without dissociation, and that the 
gas contains some polymerized molecules, probably of N40e. 
N2O3 is the anhydride of nitrous acid, and dissolves in water 
at 0° to form a blue liquid which contains the acid, but owes 
its colour to the anhydride. 

Dinitrogen tetroxide or nitrogen dioxide exists as a 
white solid (N2O4) below —20°. The crystals melt at —12°, 
forming a yellow liquid, which becomes darker as the tempera- 
ture rises. This liquid boils at 26°, giving a brown gas, which 
increases in intensity of colour with diminishing density on 
further heating, until finally it consists of molecules of NOg 
only. Nitrogen dioxide is a mixed anhydride, giving rise to 
nitrous and nitric acids on combination with water. 

Nitrosyl chloride, NOCl, the chloride of nitrous acid, may 
be prepared by heating nitrosylsulphuric acid (chamber crys- 
tals) with sodium chloride: 

^Chem, Soc, Trans. (1907), 91, 1862. 
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It is also formed by the direct combination of nitric oxide and 
chlorine. It is present in aqua regia: 

HNOa + 3HC1 - NOCl + Cl* + 2HaO. 

Nitrosyl chloride is a reddish-yellow gas at ordinary tem|>era- 
ture, but it can be condensed to a red liquid, which boils at 
—6°. That it is the chloride of nitrous acid is shovjn by its 
manner of decomposition by water: | 

NOCl + H 2 O - NOOH 4- HCl. \ 

NX5 Type \ 

NH5 is not known, nor is any pentahalide. The zpex of 
the curve representing power of combination of elements with 
hydrogen is reached with methane, CH4. The ammonium 
compounds might be considered as derivatives of the NH^ 
type, but are better classified under the first oxidized type, 
NH4OH, as salts derived from ammonium hydroxide. 

Reference has been made, in the general introduction to this 
group, to the belief in the existence of NH4OH, based upon 
the alkalinity of a solution of ammonia in water, which fur- 
nishes evidence of the presence of hydroxyl ions in solution. 
The analogy between the processes and products of neutrali- 
zation of solutions of ammonia and potash or soda further 
supports this belief. Crystallohydrates, NH3, HgO and 
2NH3, HgO, exist at low temperature and these substances 
have been regarded as NH4OH, and (NH4)20, i.c. as am- 
monium hydroxide and oxide respectively. 

It must not be supposed that all the ammonia which dissolves 
in water enters at once into chemical combination with it. An 
aqueous solution of ammonia approximately obeys Henry’s law, 
which states that the amount of gas dissolved by a given 
quantity of a liquid varies directly as the pressure exerted by that 
gas on the surface of the liquid. Adherence to this law means 
that the molecules of gaseous NH3 above the solution are in 
equilibrium with dissolved NHg molecules^ these in turn being 
in equilibrium with the products of their reaction with water. 
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The ^Hd, low-temperature hydrate, NH3, H9O, melting 
79 , may be represented as ammonium hydroxide, thus: 

NHa + HOII H3N-VHOH, 

but whether it exists in aqueous ammonia at ordinary tem- 
perature, and then by ionization and dissociation gives rise to 
alkalinity, or whether this result is caused by the direct re- 
action between ammonia and water without the formation of 
ammonium hydroxide, is difficult to decide. The low con- 
ductivity of the solution indicates paucity of ions. 

The simplest possible species and their dissociation equi- 
libria in aqueous ammonia may be represented thus: 

NH3 + H2O ~ [NH4OH] ^ NH4+ + OH". 

If the product enclosed in square brackets exists to any con- 
siderable extent, then ammonium hydroxide must be re- 
garded as a weak base which is little ionized; but if this 
product is non-existent, or negligible, then it is possible to 
regard ammonium hydroxide as an intrinsically strong though 
unstable base. When the physical and chemical properties of 
the salts of the alkali metals are compared, the order is found 
to be: K, Rb, Nil 4, Cs; and this lends countenance to the 
belief that NH4+ is a strong basic radicle, though some of 
these properties probably depend more on comparable ionic 
dimensions than on intrinsic chemical characteristics. 

On the Lowry- Brdnsted definition of a base as an acceptor, 
and an acid as a donor of hydrogen ions or protons, both 
NH3 and OH“ are bases since both accept protons. The 
basic properties of ammonia, on this alternative view, might 
then depend on the extent to which it can deprive water of 
hydrogen ions, there being no need to assume the inter- 
mediate formation of non-ionized NH^OH. 

Similarly, when ammonia solution is neutralized with 
hydrochloric acid the reaction may be partly: 

NH4+ + OH' + H+ + Cr - NH4+ + Cr H- HOH, 
but will be chiefly: NH3 + H+ + Cl' - NH4+ + Cl'. 
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The work of Moore and Winmill {J, Chetn, Soc.y 1907 and 
1912), based on conductivities and partition coefficients using 
chloroform, enabled them to show the presence of three 
constituents in aqueous solutions of ammonia and amines. 
Thus, in aqueous ammonia at 18° C., the concentrations in 
mols (x 10 ^) per c.c. are: 

Total ammonia. Free ammonia. NHjOH NH,'+ 

ll-9» 4-92 6-92 OMS 

Hence weakly basic ammonium hydroxide exists, or some- 
thing equivalent, for the experimental results cannoi distin- 
guish the exact compound here. 

The alkyl-amines (mentioned previously as showWg in- 
creased basicity) behaved similarly in aqueous solution. The 
undernoted dissociation constants (x 10’) measured at 18° C., 
indicate the basic power of the series of hydroxides where 
R is C 2 H 5 . 

NH4OH RNH3OH RaNH^OH R3NHOH R4NOH 
0-294 0-73 10-69 7-87 Ca. 10,000 

The sudden increase in dissociating power developed in the 
last member, which is thus a base as strong as the alkali 
hydroxides, may be taken to mean that, so long as hydrogen 
can be co-ordinated, weakly basic hydroxides exist and may 
be represented, for example, thus: 

H3NHOH, (C,Hb)3NHOH. 

This is an example of the hydrogen bond, in which hydrogen 
(x) links two electronegative atoms. Theoretically, bivalent 
hydrogen, as in N — H — O, is not permissible, so that the 
linkage must be partly electrostatic, indicated by (•••), with 
some increment of positive charge on the hydrogen atom. On 
these views, the protonic hydrogen is held between the elec- 
tron pair of the nitrogen atom and the negative hydroxyl in a 
structure such as: H 3 N**'H'**OH. Hence, the electrostatic 
character of the hydrogen bond will hinder the dissociation of 
ammonium hydroxide. 
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Reference has frequently been made in previous chapters to 
the hydrolysis of salts in solution. Thus it has been seen that 
normal salts of strong acids with weak bases react acid, and 
that similar salts of strong bases with weak acids react alkaline 
in aqueous solution; aluminium sulphate and sodium carbonate 
serve respectively as examples. Ammonium salts undergo 
hydrolysis when their solutions are boiled, in accordance with 
the law of mass action, and since ammonia gas escapes these 
solutions invariably become acid. It has been shown by 
Veley * that the acidity produced by hydrolysis and loss of 
ammonia at equivalent dilution varies from an inappreciable 
amount with the bromide and chloride, salts of strong acids, 
to a moderate degree with the sulphate and chlorate; and that 
the largest amount of decomposition takes place with the salts 
of weak organic acids, such as succinic and citric acids. Thus 
the retention of ammonia depends directly on the strength of 
the acid with which it is combined, the quantitative results of 
hydrolysis following the order of the affinity constants of the 
acids. 

The type NH3(OH)2 is not represented, though derivatives 
of the anhydrous type NX3O exist; they are the oxyamines, 
to which reference has already been made. 

No representatives of the type NH2(OH)3 are known. It 
may be pointed out that this degree of oxidation corresponds 
in phosphorus with hypophosphorous acid, PH2OOH, which 
may be considered a dehydration product of hypothetical 
PH2(0H)3. 

The type NH(OH)4 corresponds in its dehydrated form 
NHO2 with the nitro-bodies. Such substances may be con- 
sidered as derived from nitric acid by reduction, since the 
reaction, 

R • H + HO • NO2 -- R • NO* + HOH, 


shows the conversion of the replaced hydrogen of the body 

♦ Chem. Soc. Trans. (1905), 87 , 26. See also E. G. Hill, Chem. Soc. Trans. (1906), 
1273. 
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undergoing nitration into a constituent of the water molecule^ 
a process of oxidation. 

Of the three types representing nitric acid, 

N(0H)6 N0(0H)3 NOgCOH) 

(orthonitric acid) (mesonitric acid) (metanitric acid) 

only the last is certainly known. It is true that hydrates, 
such as HNO3, 2H2O and HNO3, HgO, exist, to which the 
first two formulae might be attributed ; but inasmuch as these 
compounds are unstable, it is doubtful whether the \above 
formulae can correctly be applied to them. The monohydrate 
may be H3NO4, since its X-ray pattern resembles that of 
H3PO4. Moreover, the salt Na3N04 has been prepared and 
confirmed by X-ray analysis ; it is unstable to water. 

The chloride of nitric acid, NOgCl, nitroxyl or nitryl 
chloride, is said to be formed by the direct union of nitrogen 
dioxide and chlorine, but has been obtained pure by the 
reaction of nitrosyl chloride with ozone : 

NOCl ^ O 3 - NO 2 CI + O 2 . 

It is a gas, condensing to a colourless liquid at —15°, and 
decomposing about 100° to give nitrogen dioxide and chlorine. 
Like all acid chlorides it is decomposed by water, thus : 

NO 2 CI + H 2 O = NO 2 OH -f HCl. 

By passing fluorine into anhydrous nitric acid at room 
temperature, Cady (1934:) obtained nitrogen trioxy fluoride ^ 
NO3F, as a colourless irritant gas (B.P. —45-9°, M.P. —175°). 
Both liquid and solid are explosive. It is non-reactive with 
dry glass. With water, it gives oxygen, fluorine monoxide, 
hydrofluoric and nitric acids, and reacts with caustic soda 
thus : 

2N08F + 2NaOH - 2NaN08 + OF 2 + HgO. 

The structure assigned to it is O2N — O — F. 

The last dehydration product of orthonitric acid, nitric 
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anhydride, is obtained as a white, deliquescent crystalline 
substance by distilling anhydrous nitric acid with phosphoric 
oxide; 

PsOfi + 2NO2OH - 2HPO3 + NOa— O— NO*. 

It was originally prepared, however, by passing dry chlorine 
over dry silver nitrate, gently heated: 

4AgN03 + 2Cla - 4AgCl -h 2N2O6 + O*. 

Nitrogen trioxide, NO3, is obtained as a white solid 
(Schwarz, 1935), when a glow discharge is passed through a 
low-pressure mixture of nitrogen dioxide and oxygen cooled 
by liquid air. The substance slowly decomposes into its 
generators above —142°. It reacts with water to give oxygen, 
nitrous and nitric acids, and is thus not a true acidic oxide. 
It liberates iodine slowly from potassium iodide in dilute 
HNO3 solution. Its structure is tentatively, O^-NOg. 

The green solid formed by nitric oxide and liquid air, and 
formerly called nitrogen hexoxide, is empirically, N 3 O 4 . 
It is probably a peroxidized polymer of nitric oxide. 


PHOSPHORUS 

The molecules of nitrogen and phosphorus differ widely 
from one another. The molecules of nitrogen are diatomic; 
for, whilst the constituent atoms are firmly united together, 
so that the molecule resists disruption and is chemically inert, 
no tendency is shown towards further condensation; and the 
element becomes liquid only at very low temperature. 

The molecules of phosphorus vapour are tetratomic for tem- 
peratures considerably above the boiling-point of the element; 
only when the vapour is heated very strongly does dissociation 
into diatomic molecules take place. Phosphorus, too, is easily 
condensed, its boiling-point and melting-point under atmo- 
spheric pressure being 287° and 44° respectively, whilst those 
of nitrogen are — 194° and — 214°. Phosphorus, further, 
polymerizes, with production of allotropic forms. 

( D 170 ) 


11 * 
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Allotropy of phosphorus. — ^The two well-known forms 
of phosphorus are white or ordinary phosphorus, and red phos- 
phorus, obtained by heating the white form to 250® out of 
contact with air. To these are to be added “ metallic ”, 
rhombohedral, or Hittorf s phosphorus, formed by crystallizing 
the element from its solution in molten lead, and Schenck’s 
scarlet phosphorus, obtained when phosphorus is heated with 
its tribromide, and sometimes employed for making matches. 

The question of the purity of these different forms arises. 
Red phosphorus having a density of 2T06 is not a jingle 
substance, for its physical properties and heat of combiistion 
are not constant; it is probably a solid solution of white p\hos- 
phorus in the metallic variety.^ “ Metallic ” phosphorus may, 
however, be obtained without the use of lead by heating 
ordinary phosphorus in a sealed tube at 530°; and it is a definite 
allotropic form. Scarlet phosphorus may also be obtained 
pure by heating the tribromide with mercury in a sealed tube 
at 100-170®, and is therefore a separate form of the element. f 
Recent work has revealed the existence of three other forms 
of phosphorus. 

jS-white phosphorus is formed when a-white phosphorus, 
i.e. ordinary phosphorus, is submitted to a pressure of 11,000 
kgm. per square centimetre at 60°, and crystallizes from carbon 
disulphide at low temperature in the hexagonal system. It 
changes reversibly into the a-form, the transition temperature 
ranging from —76*9® at 1 kgm. per square centimetre to 
64*4® at 12,000 kgm. per square centimetre pressure. J 

Black phosphorus is obtained by heating ordinary phos- 
phorus to 200® under 12,000 kgm. per square centimetre 
pressure. It is a good conductor of heat and electricity. 
Density, 2*69; melting-point, 587-5®. 

Violet phosphorus is formed when ordinary phosphorus, 
in presence of a trace of sodium as a catalyst, is heated to 200® 


• Cohen and Olie, Chem. Weekblad (1909), 6, 821 
t Wolf, (1915). 48 » 1272. 

X P. W. Bridgman, y. Amer. Chem. Soc. (1914), 36 t 1344. 
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under a pressure rising to 130,000 kgm. per square centimetre. 
Density, 2-348; melting-point, 589-5°, 

Thus not fewer than six allotropic forms of phosphorus are 
recognized. 


Allotropic Forms of Phosphorus 


Form. 

Density. 

Mcltmg- 

point. 

Description. 

a-white phosphorus 



Ordinary, waxy phos- 

1-83 

44-3'> 

phorus, rhombic do- 
dekahedra. 


/3-white phosphorus 



Hexagonal crystals. 

Scarlet phosphorus 

2-0 


— 

Metallic phosphorus 

2*31« 


Rhombohedral crystals. 

Black phosphoru*^ 

2-(j9 

587-5° 

Violet phosphorus 

2*348 

589-5° 



Although red phosphorus is not a definite allotropic form 
of the element, the conditions of its formation from and 
transformation into the white form are important. The 
transition from white to red phosphorus is an exothermic 
reaction, 27,300 calories being evolved per gramme-atom trans- 
formed. Conversely, this amount of heat would be absorbed 
in the conversion of red into white phosphorus. Ordinarily, 
however, the transformation is regarded as monotropiCy i.e. 
proceeding in one direction only, rather than enantiotropicy or 
reversible. For, when red phosphorus is heated above 250° 
to transform it into the white variety, it is found to sublime 
about 290°, producing a vapour which, however, condenses 
into white phosphorus. Nevertheless, if red phosphorus is 
heated in a sealed tube so as to be under the high pressure 
of its own vapour, it is seen to form a nearly colourless liquid 
at 610°, from which on cooling red particles begin to separate 
at 580°, whilst the whole turns red at 570°. Thus the change 
from white to red phosphorus is seen to be enantiotropic under 
pressure, the transition temperature being about 600®. 
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Hydrides of Phosphorus 
Five hydrides of phosphorus are known: 

M. p. B. p. 

PHb gaseous hydrogen phosphide. . —133° . —85° 

P2H4 liquid „ .. -10° . 57° 

PjjHe solid „ „ . . — — 

•P5H2 „ „ -j 

•f P9H2 M ,, „ .. . . . . — r 

PH3 is the analogue of ammonia, and P2H4 that of hydrazine, 
but no nitrogen analogue of Pi2Hg, P5H2, or PoHg is known. 

Phosphine, PH3, like ammonia, can be obtained bV the 
hydrolysis of its halide salts. Alkalis or water may be used; 
but whereas ammonium chloride yields very little ammonia 
when boiled with water, phosphonium iodide is easily and 
completely hydrolyzed by cold water. This difference is due 
to the slightly basic character of phosphine as compared with 
ammonia, and the accompanying slight stability of its salts, 
together with the small solubility of phosphine in water. 

Phosphine is usually prepared, however, by boiling ordinary 
phosphorus with caustic alkali solution. The following is the 
reaction, to which nitrogen furnishes no analogy: 

P4 + 3NaOH + 3H2O - 3NaH2P02 -f- PH3. 

This, however, does not represent all that happens, for some 
hydrogen is produced and a certain amount of P2H4 is formed 
which renders the PH3 spontaneously inflammable. 

Phosphine is produced by the action of dilute acid on 
metallic phosphides (cf. HgS), and also by heating hypophos- 
phorous and phosphorous acids and their salts. 

Phosphine is a powerful reducing agent, precipitating mix- 
tures of metal and phosphide from solutions of cupric and 
silver salts. It is more readily decomposed by electric sparks 
than ammonia, and much more inflammable than this gas, its 
temperature of ignition being so low that it may sometimes 

* Hackspill, coTrtf>C. rend, (igis)* 1466. 

I Stock, BOttcher, and Lcnger, Ber. (1909), 42 , 2847. 
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be ignited by the heat of friction caused by removal of the 
stopper from a bottle containing it. The final products of its 
combustion are phosphoric oxide and water. 

The fact that it is only slightly soluble in water, and that 
its solution is not alkaline, shows that the basic properties of 
phosphine are of the feeblest possible description; it will, 
however, unite directly with hydrogen halides to form salts, 
the best known of which is phosphonium iodide. This 
compound, prepared by the action of water on an intimate 
mixture of phosphorus and iodine: 

OP + 51 + lOHaO = 5PH4I + 4 H 3 P 04 > 

crystallizes in colourless quadratic prisms which may be sub- 
limed. It fumes in moist air owing to hydrolytic decom- 
position. Ammonia displaces phosphine: 

PH4I + NH3 - NH4I -f PH3, 

and alcohol decomposes the compound as follows: 

PH4I + CaHgOH - PH3 + HaO -f CaHgl. 

Phosphonium iodide is used as a reducing agent, and for the 
preparation of organic phosphines, for instance: 

PH4I + 3CH3I - P(CH3)s*H 1 -f SHI. 

Phosphonium bromide and chloride are even more unstable 
than the iodide. They are obtained by combination of phos- 
phine with the hydrogen halides under pressure. 

Liquid hydrogen phosphide, P2H4, may be obtained by 
the action of water on calcium phosphide, Ca2P2: 

CaaPa f 4H2O - 2 Ca(OH)a + P2H4, 

and results also from the oxidation of phosphine: 

2PH3 + O - P2H4 + HaO, 

which may be effected by means of nitric oxide. It is con- 
densed by passage through a cooled tube to a colourless liquid 
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which boils at about 57 °; this liquid is very unstable, and easily 
decomposes in sunlight into PH3 and the solid hydride 

15 P,H 4 - I8PH3 + PuH,. 

The decomposition is promoted by hydrochloric acid, so that 
phosphine may be freed from the liquid hydride and deprived 
of its spontaneous inflammability by causing it to l^bble 
through hydrochloric acid. I 

When the hydride Pi2H(j is heated in vacuo it evolves phos- 
phine, leaving a second solid hydride, P9H2, thus: \ 

5Pi,H, = 6 P,Hj + 6 PH 3 . ' 

Both of these solid hydrides are red. The hydride P5H2, 
obtained by decomposing the corresponding alkali phosphide 
with dilute acetic acid, is yellow. 

The hydride P2H4 is not known to form any organic deri- 
vatives of the type HgP * PHR analogous to phenylhydrazine, 
HgN • NHCgHg. Diphospho derivatives containing the group- 
ing — P=P— , analogous to the diazo-grouping — N=N — , 
have been obtained; for instance, CgHgP : PC^Hj, as well 
as QH5P : POH; but these compounds do not resemble the 
corresponding nitrogen derivatives. 


Oxygen Derivatives of Phosphorus 
The oxygen derivatives of phosphorus are shown in the 


following scheme: 

PR'a type 

PHa 

[PHaOH] [OPHa] 

PH(0H)2 OPHa OH 

P(OH)a : 0PH(0H)2 

i 

PO(OH) 

I 

PiO. 


PR's type 

[PH.] 

PH4OH and salts 
PHjCOH)* — OPR3 

[PHsCOH),] 

[PH(OH).] 

P(0H)5 0P(0H)> ;^,P0H 

1 I 

OP{OH); OP(OH)j P 4 O 10 
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In addition to the above, a suboxide, P4O, is said to exist; 
there is also an oxide, (PO,)^, together with an acid, H2PO8, 
corresponding with the same degree of oxidation. 

Phosphorus suboxide, or tetritoxide, P4O, is said to be 
formed when finely divided white phosphorus is digested with 
one volume of 10-per-cent caustic-soda solution, and two 
volumes of alcohol. The solution becomes dark red, and when 
it is acidified with hydrochloric acid the supposed suboxide 
is obtained as a dark-yellow or reddish powder. The same 
product is obtained when yellow phosphorus is heated with 
liquid ammonia and the resulting amide is decomposed by 
water thus: 2P2NH2 + H2O = P4O + 2NH3. It has been 
shown, however, by Chapman, Lidbury, and Burgess • that 
the product of the first reaction contains more phosphorus than 
corresponds with the formula P4O; and that it probably consists 
of impure red phosphorus containing oxygen, hydrogen, and 
other impurities. A. Stock also doubts the existence of P40.f 
Corresponding with the unknown oxide PO and the liquid 
hydride P2H4 is the iodide P2I4, obtained by bringing the 
elements together in theoretical proportions in carbon disul- 
phide solution, and evaporating. This iodide is a yellow, 
crystalline mass, melting at 110°, and giving a vapour density 
corresponding with the above formula. 


Phosphorus Derivatives of Type PR's 


Considering the type PR'3, the first oxidation product of 
PH3 should be PHgOH, corresponding with hydroxylamine, 
NHaOH. This substance is not known, and it seems probable 
that it could not exist, or at least that it would be very 
unstable, for all hydroxylated derivatives of trivalent phos- 
phorus show a tendency to undergo tautomeric change in such 
a manner as to become 4:-covalent. Thus the change 


P;^H -- OPf H 
\0H Ml, 


• Chem, Soc. Trans. (1899), 75 , 973 , and (1901), 79 , 1235. 
t Chem. Zeit. (1909), 33 , 1354. 
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were the compound known, would be consistent with the 
behaviour of known compounds, which are referred to below, 
the phosphorus atom becoming 4-covalent wherever possible 
in its oxygen compounds in accordance with its oxidiza- 


bility. Indeed the type OP^ represents the most stable and 

characteristic grouping of the phosphorus atom. Numerous 
alkylated oxyphosphines, for instance OP(CH 3 ) 3 , have been 
prepared by A. Michaelis. \ 

The formula PH(0H)2 corresponds with the stage of oxida- 
tion of hypophosphorous acid. Now this acid is srfictly 
monobasic, and such a property does not accord well \)vith 
the above formula, since the hydroxylic hydrogen will be 
replaced by metals in preference to the hydrogen attached 
directly to phosphorus. This makes it probable that the 
constitution of hypophosphorous acid is rather 


OP^H 

\OH, 


or that possibly one of the hydrogen atoms is in a labile con- 
dition, thus: 




so that inorganic salts, at least of the dibasic form, cannot 
permanently exist. This tendency of phosphorus to pass over 

into the form OP^ is well brought out by the effect of heat 

on hypophosphorous acid and its salts, when phosphoric acid 
and phosphine are produced; thus: 


2HsP0, 


/OH 
- OP^OH 
\0H 



It will be observed that whilst hypophosphorous and hypo- 
nitrous acids may be conceived as derived from the same type 
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of oxidation, R'" H(OH)2, similarity between their constitution 
ends here. 

While nitrogen in its compounds exhibits a maximum co- 
valency of four, phosphorus, in PF^ and, possibly, PCl^, shows 
quinquivalency. The pentafluoride is stable to heat, but the 
pentachloride dissociates readily, whereas the oxychloride, 
OPCI3, is stable. This appears to show that the phosphorus 
atom can retain in stable union four, but not five atoms in its 
periphery; this accords with the octet rule. On these con- 
siderations, PCI5 has been tormulated thus: 

Cl\ 

^PCla and [PClJ-+Cr. 

Cl/ 

In the first formula Prideaux identifies the reactivity of 
two chlorine atoms with the presence of mono-electronic links 
for which Sugden has obtained parachor evidence, the other 
three chlorine atoms being covalently linked. According to 
Sidgwick, however, the parachor change on which Sugden 
relies may be due to the uncertain influence of a ten electron 
group; in effect it may be evidence for normal 5 -covalency in 
PCI5. As regards the second formula, the zero dipole moment 
of PCI5 points to an electrical symmetry not possible with this 
structure. 

Quinquivalent phosphorus is definitely established by PF5, 
but from its limited appearance it would seem to be unstable 
when achieved by a ten electron group. 

On modern theory, the characteristic grouping, OP^, 
indicates the superior stability, in oxy-compounds, of the 
electron octet, the oxygen not being linked to phosphorus by 
a double bond, as in the older theory, but rather co-ordinated 
thereto, thus: O^P = . Although phosphorus has now 
become 4-covalent, it is still true that, of its octet electrons, 
five are provided by the phosphorus atom itself. Hence, 
following Grimm and Sommerfeld, it may be regarded as 
exhibiting quinquivalency while making use of the stability 
conferred by an octet of electrons. 
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The electronic formulae for phosphonium, oxyphosphine, 
and the ions of the phosphorus oxyacids are as follows: 



+ 


0 

r *1 

- 

r “1 

s 

r . . “1 

H 


H 


:o: 


:d: 


. :o’.. 

ii:p:h 


:d: p:h 
• • • • 


: ’oVp: h 


:d: p:h 


: o: 

' ! 
: p: 

H 


H 

- 


H 


**:o: 


IP-' j 


Phosphonium Hypothetical Hypophosphite Phosphite Ph(!^sphatc 

ion. oxyphosphine. ion. ion. jpn. 


or, using Sidgwick’s symbol for co-ordination, their relation- 
ship is shown thus (the acids being undissociated): \ 

H on OH OH 

[H,P->H]+ O^-i*— II O^-P— H 0<-P— H 0^i>— OH. 

H (!)H in 

Since the phosphorus atom provides five electrons, the oxygen 
atom six, and each hydrogen atom one, the number of electrons 
provided is just enough in the case of OPHg, which is thus 
represented as a neutral compound. 

When an oxygen atom replaces a hydrogen atom, however, 
an electron must be supplied from outside, because the oxygen 
atom, having only six electrons in its shell, contributes none to 
the bond between itself and the phosphorus atom. Conse- 
quently, the hypophosphite ion, on account of its single 
imported electron, has a single negative charge upon it and is 
monobasic; whilst, from a similar cause, the phosphite and 
phosphate ions are respectively di- and tri-basic. 
Pyrophosphoric acid is represented thus: 


:o: 


:o: p : o 


:o: 

: p :d: 

:d;“ 


H' 

H'* 


O O 

t t 

or, HO— P— O— P—OH. 
CJH 


O 
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It is tetrabasic, the anion having a quadruple negative charge, 
because, of the 56 electrons present, only 52 (i.e. 7 x 6 + 2 
X 5 ) are provided by the phosphorus and oxygen atoms, the 
other four being derived from the ionizable hydrogen atoms. 

The difference in basicity between phosphorous and 
arsenious acids is represented thus: 


:o: 

:d: V :h 

":d: 




* • • - 

:o: 

• • • V 

I O! As: 

:o; 


‘h" 


Here the chemical difference is due to the strong tendency of 
the phosphorus atom, unlike that of arsenic, to co-ordinate 
four other atoms. This would also explain why arsenic does 
not form the analogue of PII4CI. 

Of comparable structure are the mono- and di-fluorophos- 
phoric acids 

HdPOaF] ; H[PO,FJ 


obtained by Lange ( 1928 , 1929 ) by heating H3PO4 and 
NH4F, which gives the ammonium salts, or by dissolving 
PgOg in strong aqueous HF, whereby the free mono-acid is 
produced. 

O 


o:pcf |h, 

o 

Monofluorophosphonc acid. 


O ■ 

f:p^f 


H 


L O 

Difluorophosphoric acid. 


The di-fluoro-acid is isolated as its “ nitron ” salt, and gives 
alkali and cadmium salts, e.g. Cd(02PF2)2 resembling per- 
chlorates. Salts of the mono-fluorinated acid are analogous to 
sulphates, e.g. AggPOgF]; (NH4)2[P03F]. Salts of both acids 
are stable in neutral solution, those of the mono-acid being 
stable to dilute alkali. 

At the same time, hexafluorophosphoric acid H[PFJ or its 
salts may be obtained, though the latter are preferably obtained 
by the action of PCI 5 on alkali fluorides. Salts of this acid 
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are stable to boiling alkali, while salts of HBF4 and HgSiF^ 
are thus readily decomposed. Similar hexa-compounds are 
given by arsenic and antimony. 

Hypophosphorous acid, H3PO2, may be obtained in a 
crystalline form by decomposing its barium salt with dilute sul- 
phuric acid and evaporating the solution. It melts at 17 ®, and 
on being heated forms PH3 and H3PO4. It is a powerful 
reducing agent, precipitating gold, silver, and mercury from 
their salts. It is distinguished from phosphorous acicL which 
behaves in a similar manner, by the solubility of its Ibarium 
salt, and by precipitating cuprous hydride, CU2H2, a red 
powder, when warmed with acidified copper-sulphate solution. 

Neither the anhydride nor the chloride of hypophospliorous 
acid is known. 

The type P(OH)3 represents symmetrical phosphorous acid. 
As regards the existence of a substance of this constitution, 
the following remarks may be made. Phosphorous acid is 
always dibasic in its solid inorganic salts, although NagPOg 
is supposed to exist in solution, and the ester P(OC2H5)3 is 
known The dibasicity of this acid may be explained by 
assuming that ionization proceeds only as far as 2 H and 
HPO3, since it is well known that polybasic acids are com- 
pletely ionized with difficulty. Phosphoric acid, for instance, 
is ionized into H and H.JPO4; but phosphoric acid is tribasic. 
Arsenious acid is even tribasic, since AggAsOg is known, 
although it is probably a weaker acid than phosphorous acid. 
It would appear, therefore, that the reason for the dibasicity 
of this acid in its inorganic salts must be sought in another 
direction. All the facts are satisfactorily explained by 
supposing that phosphorous acid undergoes the following 
tautomeric change: 

/OH /H 

I^OH Ol^OH 
\OH \OH; 

so that its dibasicity depends on the tendency for self-oxida- 
tion manifested by phosphorus compounds. Correspond- 
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ing with these two formulae are the isomeric ethyl esters: 

C 2 H 5 

P— OC^Hb and OP— OCaHfi 
\OC2H5 VOQHb. 

Phosphorous acid when heated breaks up in a similar way to 
hypophosphorous acid, thus: 

4H3PO3 - PHa -f 3H3PO4. 

Phosphorous anhydride, P 4 O 6 , is produced, together with 
phosphoric anhydride, by the slow combustion of phosphorus 
in a tube through which air is drawn. It may be obtained in 
crystals which melt at 22*5°, and boils at 173" in an indifferent 
atmosphere. It forms phosphorous acid by combination with 
cold water, but hot water decompovses it, producing red phos- 
phorus, phosphine, and phosphoric acid. When heated gently 
it burns, forming phosphoric oxide, but when quickly heated 
to 440°, it decomposes into red phosphorus and phosphorus 
tetroxide. Determination of vapour density leads to the for- 
mula P 4 O 6 . 

Phosphorous acid, H3PO3, is formed by the combination 
of water with its anhydride, by the slow oxidation of phos- 
phorus in moist air, or by the decomposition of the chloride 
of the acid by cold water: 

PCI3 + 3H2O - HgPO, f 3 HC 1 . 

After removal of water and hydrochloric acid by evaporation 
the phosphorous acid crystallizes as a deliquescent mass which 
melts at 71°. A solution of the acid or its salts reduces salts 
of gold, silver, and mercury, and precipitates sulphur from 
sulphurous acid. 

Pyrophosphorous acid, H2(H2P205), is formed from PCI3 
and H3PO3 by the reaction: 

lOHsPOs + 2PCI3 - 6H4P2O6 f (iHCl. 

It forms colourless needles melting at 38°. The sodium salt 
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is obtained by heating primary sodium phosphite to 160 ® 
thus: 

2NaH,PO, = Na,H,P ,05 + HaO. 

Metaphosphorous acid* HPO2, is formed in crystals melt- 
ing at about 10® when equal volumes of phosphine and oxygen 
interact under a pressure of 25 mm.: 

PH, + O, - HPO, + H,. I 

The chloride of phosphorous acid, phosphoras tri- 
chloride, PCI3, is formed when phosphorus burns in chlorine, 
or when a current of dry chlorine is led over phosphorus. It is 
a colourless liquid, boiling at 76 ®. Cold water decomposes it, 
forming hydrochloric and phosphorous acids. Hot water gives 
phosphoric acid and lower oxides of phosphorus. It is sus- 
ceptible of easy oxidation to phosphoryl chloride, POClj. 

Phosphorus Derivatives of Type PR'b 

Phosphoric anhydride, or phosphoric oxide, P4O10, the 
product of the complete combustion of phosphorus in air or 
oxygen, is a white, amorphous, hygroscopic solid, which when 
heated yields a crystalline sublimate. It is a powerful de- 
hydrating agent, combining with water to form meta- and 
orthophosphoric acids. 

Concerning the hydroxylated products of quinquivalent 
phosphorus, it may be pointed out that of the hypothetical 
types, PH3(0H)2, PH2(0H)3, PH(0H)4, the first represents a 
hydroxylated form corresponding with the oxyamines pre- 
viously considered, and that the latter two correspond re- 
spectively with hydroxylated forms of hypophosphorous and 
unsymmetrical phosphorous acids. 

With regard to the orthophosphoric type, P(OH)5, although 
no salts of a pentabasic phosphoric acid are known, esters 
have been obtained and Michae\is-has obtained corresponding 
organic hydroxylated derivatives of phosphoryl chloride: 

OPCl, ^ OPR, -> 
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Whilst P(0H)5 and its salts do not appear to exist, the first 
dehydration product, PO(OH) 3 , is stable at ordinary tempera- 
ture, both in the solid state and in solution. It is therefore 
known as orthophosphoric acid. 

Relations between the forms of phosphoric acid. — 
It was pointed out on page 116 that polybasic acids such as 
boric, phosphoric, and silicic acids form condensed or anhydro- 
acids by loss of water molecules between two or more mole- 
cules of the more completely hydrated acid. Phosphoric acid 
furnishes a well-known example of this phenomenon. 

The existence of three forms of phosphoric acid, the ortho-, 
meta-, and pyroacid, was shown by Graham, and it was 
believed by Sabatier, and by Fleitmann and Hennenbergf 
and others that polymerized forms of metaphosphoric acid 
exist of the type (HPOg)/! where w — 2, 3, 4, 5, 6, 8, and 10. 
The evidence for the existence of these forms depended, 
however, on methods of preparation, and composition and 
properties of salts, rather than on molecular weight deter- 
minations. The constitutional relationship between some 
possible forms of phosphoric acid is shown in what follows. 

Dehydration of phosphoric acid may involve either a single 
molecule, thus: 

PO(On )3 - PO2OH + H2O, 


or two molecules, thus: 

P0(0H)3 

P0(0H)3 




/P0(0H)2 

POrOH). 


-f 


i-UO, 


the product in the first case being metaphosphoric, and in the 
second, pyrophosphoric acid. 

If a molecule of pyrophosphoric acid lost a molecule of 
water in the same sense as the original ortho-acid lost a 
molecule to form the pyro-acid, there would result dimeta- 
pnosphoric acid, thus: POOH 


POOH 


•pm. Trans, (1833), 52* 253- 
t Compt. rend. (x888), 106, 63: (1889). 108, 738, 804. 
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If two molecules were involved in this condensation instead 
of only one, there would result tetrametaphosphoric acid, 
thus: 

HOPOOH HOPOOH HOPO— O— POOH 

o<^ \o — 

HOPOOH HOPOOH HOPO— O— POOH 

j 

It is now only a step, from the point of view of constitution, 
from tetrametaphosphoric acid to phosphoric anhydride,\P 40 io, 
which may be represented thus: 

PO— O— PO 

o o o o- ' 

1po— o— PO 


The above illustrations do not, however, exhaust the possi- 
bilities of polymerization exhibited by this class of compounds. 
Instances of polymerization into threefold union are known 
among carbon compounds; for example, the conversion of 
aldehyde into paraldehyde and acetylene into benzene. Some 
phosphoric compounds display a like tendency. The com- 
pound NPClg, for instance, when formed from PCI 5 and NH 3 
at a temperature of 175-200°, consists of molecules (NPCl 2)3 
which may be compared with trimetaphosphoric acid (HPOg)^. 
The constitution of these two compounds may be represented 
thus: 


PCI2 


n/Nn 

o/\ 

C1,P"\^PC1,; 

N 

HOOP\/l 


POOH 

,0 


Orthophosphoric acid, H3PO4, obtained as a crystalline 
mass by evaporating its solution, melts at 38°. Its aqueous 
solution is but slightly ionized, and freezing-point deter- 
minations show H3PO4 molecules to be present.* The 


• Holt and Myers, Chem, Soc, Trans* (191 1), 99, 389. 
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tribaaicity of this acid is proved by the three sodium salts: 

Primary sodium phosphate, NaHjPOi, HaO. 

Secondary „ „ NaaHP04, 12H2O. 

Tertiary „ „ Na8P04, 12H80. 

Corresponding calcium salts are: 

CaHi(P04)a; CaHP04, 2ILO; Ca3(P04)2. 

Microcosmic salt is NaNH4HP04, fflgO; another important 
salt is MgNH4P04, 6H2O; ferric phosphate, insoluble in acetic 
acid, is produced in the elimination of the phosphate radicle 
in analysis. Insoluble phosphates, such as those of calcium 
and ferric iron, are slowly hydrolyzed by water into an insoluble, 
more basic, constituent, and a soluble constituent which shows 
the presence of free acid. Soluble phosphates, e.g. those of 
sodium, also show marked hydrolysis in solution, so that whilst 
NaH2P04 has an acid reaction, Na2HP04 is slightly, and 
Na3P04 strongly, alkaline. Solutions of the two former salts 
are employed as standard solutions of low acidity and alka- 
linity respectively, and when mixed in various proportions 
yield standards slightly removed on either side from the 
neutral point. 

Pyrophosphoric acid, H4P2O7, is obtained as an inter- 
mediate product either by the dehydration of the ortho-acid 
or the hydration of the meta-acid: 

2H3PO4 ^ H4P2O7 -f H2O ^ 2HPO3 -f 2H2O. 

The pyro-acid, obtained as a syrup by dehydrating the ortho- 
acid, consists in normal solutionof complex molecules (H4P207)4 
or (H4P207)5, but when prepared by decomposing lead pyro- 
phosphate with hydrogen sulphide, the acid in aqueous solu- 
tion consists of simple molecules H4P207.’^ The syrupy 
solution of the pyro-acid yields mixed crystals of the ortho- 
and pyro-acid, so that the latter cannot be regarded as a stable 

• Holt and Myers, Chem. Soc, Trans. (1911), 99 , 390. 
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substance. Sodium pyrophosphate is obtained by igniting 
secondary sodium phosphate thus: 

2Na2HP04 - Na 4 P 207 I H^O; 

magnesium ammonium phosphate similarly yields pyrophos- 
phate: 

2MgNH4P04 - MgoP^O^ + 2 NH 3 H,0. j 

Ortho- and pyrophosphate are distinguished by theiil silver 
salts: AggPOi is yellow, Ag4P207 white. \ 

Normal and dihydrogen pyrophosphates exist, e.g. Na4P207, 
lOHgO and Na2H2P207, GHgO. Pyrophosphates revdft in 
solution to orthophosphates, slowly when cold, more quickly 
when heated. 

Metaphosphoric acid, HPO^, may be obtained by the 
action of moisture on phosphoric oxide, by heating glacial 
phosphoric acid to redness, by igniting one of the ammonium 
phosphates, thus: 

(NH4)2HP04 - HPO3 + 2NH3 + H2O, 

or in solution by decomposing with hydrogen sulphide, lead 
metaphosphate suspended in water. 

Obtained in aqueous solution by the last-named method it 
consists of simple molecules HPO3; formed by ignition of 
glacial phosphoric acid to redness for a short time it consists 
of molecules (HP03)3, which by prolonged ignition pass into 
(HP03)2 molecules. Moreover, when obtained as vapour, 
metaphosphoric acid is (HP03)2 or 

O O 

HO— P( >P— OH. 

Sodium metaphosphate glass, formed, for example, by ignition 
of primary sodium phosphate or microcosmic salt, is (NaP03)3. 
Di- and trimetaphosphates appear to be the only polymerized 
forms of this acid for which molecular weight determinations 


• Tilden and Barnett, * -hem. Hoc. Trans. (1896), 69 , 158. 
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furnish evidence’*', so that the more complex forms of the 
acid previously believed to exist may be disregarded. A 
metaphosphate in solution is distinguished from ortho- and 
pyrophosphate by coagulating egg-albumen in presence of 
acetic acid. Like pyrophosphates, metaphosphates gradually 
revert to orthophosphates in solution. 

Chlorides of Phosphoric Acid 

Phosphorus pentachloride, or phosphoric chloride, 

PCI5, corresponds with the hypothetical ortho-acid, P(OH)5, 
and phosphoryl chloride, or phosphorus oxychloride, POCI3, 
with ordinary phosphoric acid; whilst P2O3CI4 is the chloride 
of pyrophosphoric acid, and POgCl the chloride of metaphos- 
phoric acid. Phosphorus pentachloride is prepared by the 
action of chlorine on the trichloride. It is a pale-yellow 
crystalline solid which fumes in moist air. 

Whilst neither phosphoric oxide nor its hydration products 
lose oxygen when heated, phosphoric chloride dissociates into 
phosphorous chloride and chlorine at a moderate temperature. 

The superior stability of the oxide molecule is probably due 
to spatial relationships and to the greater power of persistence 

of the type OP^, as compared with CI2P — . It may be 

/Cl 

observed that phosphoryl chloride, OP- Cl, is not dissociated 

^Cl 

by heat, and also that the chlorine type of compound is more 
comparable with the hydrogen than the oxygen type, and 
that no pentahydride of phosphorus is known. 

Phosphorus pentachloride is employed, especially in organic 
chemistry, for the substitution of Cl for OH, according to the 
following general reaction: 

R • OH f PClfi - R • Cl -f POCls -I HCl. 

Phosphoryl chloride, or phosphorus oxychloride, 

• Holt and Myers, Chem. Soc. Trans, (1911), 99 , 384; (1913), 103 , 532. 
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POCI3, is the first product of the action of water on PCl^: 

PCI5 + H2O - POCla + 2 HC 1 . 

It may consequently be prepared by the use of boric acid, 
thus: 

3PCI5 + 2 B(OH)a - 3POCI3 + 6 HC 1 + BaOa; 

also by the combination of phosphoric oxide and cMoride: 

ePClg + P4OX0 - 10POCI3; 1 

and by the direct oxidation of PCI 3 . It is a colourless, mobile 
liquid, boiling at 107°, which is decomposed by wateij into 
phosphoric and hydrochloric acids. \ 

Pyrophosphoryl chloride, P 2 O 3 CI 4 , is a colourless, fuming 
liquid, boiling at 210-215°; and thereby suffering partial de- 
composition into POCI 3 and P 40 iQ. It is obtained, together 
with other products, by the oxidation at low temperature of 
phosphorus trichloride by nitrogen tetroxide. 

Metaphosphoryl chloride, POgCl, is said to be formed 
as syrupy liquid when pyrophosphoryl chloride is distilled 
under reduced pressure: 

P2O3CI4 PO2CI -h POCI3. 

It decomposes thus when heated: SPOgCl - POCI 3 -f- P 2 O 5 . 

Phosphorosophosphoric oxide, (P 02 )»,and hypophos- 
phoric acid, HgPOg, remain to be considered. 

Phosphorosophosphoric oxide is obtained by the partial 
combustion of phosphorus, and also from phosphorous oxide, 
which, when heated to 440°, decomposes into red phosphorus 
and (POg),!* This latter compound forms colourless crystals 
which sublime in vacuo at 180°; its vapour density at about 
1400° is 230, which corresponds nearly to the molecular for- 
mula PgOjg. Its solution in cold or boiling water reduces 
mercuric and silver salts, and contains phosphorous and phos- 
phoric acids: 

2PO2 + SHaO = HjPOs + H8PO4. 
Phosphorosophosphoric oxide is therefore a mixed anhydride, 
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and is in this respect analogous to nitrogen tetroxide, which 
dissolves in water to form nitrous and nitric acids. 

Hypophosphoric acid, which has the empirical formula 
H2PO3, is obtained by the slow oxidation of phosphorus in 
moist air, and may be separated from the other acids produced 
at the same time by forming the sparingly soluble sodium salt, 
NaHPOs, SHgO, The acid itself may be obtained in crystals 
containing one molecule of water, H2PO3, HgO, and melting at 
62 °, by decomposing the barium salt with dilute sulphuric acid, 
and evaporating the filtered solution under reduced pressure. 
The molecular formula of hypophosphoric acid has been a 
matter of controversy. It was originally thought to be H4P2O6, 
the sodium salt by means of which it is isolated being 
Na2H2P20Q, 6H2O. 

Parravano and Marini * conclude from variations of the 
electric conductivity at varying dilutions that the two sodium 
salts are correctly represented by the formula? Na2H2P203 and 
Na4P20e, rather than by NaKPOg and Na2P03. 

The salt Na3HP203, 9H2O might suggest the tetrabasicity of 
hypophosphoric acid, and the corresponding formula H4P2O0, 
but this salt may be NagPOg, NaPIPOg, 9H2O, with which may 
be compared the sesquicarbonate NagCOg, NaHCOg, 2H2O. 

On the other hand, Rosenheim and co-workers ( 1906 , 1908 ), 
from similar conductivity experiments, and from the molecular 
weights of alkyl esters determined ebulliscopically, concluded 
that the acid is HgPOg. A redetermination of the molecular 
weight of the ethyl ester by Arbusov ( 1931 ) gives the formula 
Et4P2O0, which is confirmed (Bell and Sugden, 1933 ) by the 
fact that in salts of the acid, phosphorus is diamagnetic, 
whereas, in H2PO3, phosphorus would have an odd number 
of electrons, involving paramagnetism. Most probably the 
acid is H4P2O0. 

The constitution ^ 

t 

(H0)2— P— O— P(0H)2 

• AtH R. Accad, Lined (v), 15 , ii, 203. 
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has been attributed to hypophosphoric acid, in which this 
compound appears to be a mixed anhydride of phosphorous 
and phosphoric acids. If the acid possessed this constitution, 
its reducing properties would probably resemble those of 
phosphorous acid. It is distinguished, however, from the latter 
acid by the readiness with which it reduces acidified perman- 
ganate solution, and by this means it may be estimatec^. 

If, therefore, the molecular formula of hypophosphoHc acid 
is H4P20(„ its constitution is best represented by the formula 

O O \ 

t t \ 

(HO),P-P(OH)„ \ 

which shows analogy with oxalic and dithionic acids; if, 
however, HgPOg is the molecular formula, the constitution 
OP(OH)a represents an anomalous compound. 

When heated with mineral acid, hypophosphoric acid is 
converted into phosphorous and phosphoric acids, thus: 

2H2PO3 + H2O - H3PO3 + H3PO4. 


The Sulphides of Phosphorus 

Several compounds of phosphorus and sulphur have been 
prepared by heating the elements together. The most impor- 
tant of these is the pentasulphide, PgSg, consisting of yellow 
crystals, which melt at 274 - 276 ° and distil unchanged. It is 
the thioanhydride of thiophosphoric acid, and unites with 
alkalis to form mono-, di-, and tri-thiophosphates, M3PO3S, 
M3PO2S2, M3POS3, respectively; the complete thiophos- 
phates, M3PS4, appear, however, to be unknown. The 
chloride, thiophosphoryl chloride, SPCI3, is prepared by 
the interaction of PCI5 and P2S5, thus: 

SPClg + PaSg - 6PSCI3. 

The product is a colourless liquid, boiling at 125 °. 

Phosphorus sesquisulphide,P4S3, yellow rhombic prisms, 
melting at 166 °, and soluble in carbon disulphide, is used in 
place of white phosphorus for making matches. 
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ARSENIC, ANTIMONY, AND BISMUTH 

These three elements present a transition from non-metallic 
to metallic characters, since in arsenic non-metallic properties 
predominate, and in bismuth, metallic properties. Arsenic is 
closely allied to phosphorus in the properties of the element, 
and the types of compounds which it forms, and antimony 
similarly approximates to arsenic. Bismuth, however, shows 
a marked difference from the other two elements in the much 
more pronounced basic character of its oxides, and in the 
instability of its hydride, which, however, appears to be formed 
when acid acts on a bismuth-magnesium alloy, since bismuth 
is deposited when the evolved gas is passed through a tube 
heated locally. 

Some physical constants are here given: 


Density. M.P B.P. 


Arsenic .. Asa .‘1*88, As^ 4*71, 500° under in- 

Asy 5-7ii creased pressure 

Antimony . . Sba — , Sb/s 5*3, Sby 030° Bright red 

about 6*7 heat 

Bismuth .. 9-75 271° About 1400° 

The melting-point of arsenic under increased pressure is 
lower than that of antimony, and the former element is 
considerably more volatile than the latter, since it begins to 
sublime below 100°. Arsenic exists in three allotropic modi- 
fications, which may be designated, in the reverse order of 
their stability, as Asa, As^, As^. This allotropy is distinctly 
a non-metallic characteristic, and indeed in the nature of its 
allotropic forms arsenic closely recalls phosphorus. 

Asa is produced by subliming ordinary arsenic in a stream 
of CO 2 and quickly cooling the vapour; it is a sulphur-yellow 
powder, which is soluble in carbon disulphide, and is probably 
crystalline. It recalls ordinary or white phosphorus. When 
it is heated it passes quickly into Asja, or mirror arsenic^ 
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which is generally described as amorphous, but is probably 
crystalline. Finally, both of these varieties pass, on strong 
heating, into ordinary crystalline or “ metallic arsenic, Asy, 
which is analogous to “ metallic ” phosphorus. 

Aintimony and bismuth present a more unmistakably metallic 
appearance in the free state than arsenic, but antimony re- 
sembles arsenic in its allotropic forms. Sba is yellow IJke ASa, 
and is formed by oxidizing stibine below —90°; Sb^, smilarly 
produced at —40°, is an amorphous black powder, \ which 
passes on heating into the stable, greyish-white metallic^ form. 
“ Explosive antimony **, deposited on an antimony cathode 
during the electrolysis of a concentrated solution of thlp tri- 
chloride in hydrochloric acid, is probably a solid solution of 
the trichloride in black antimony. Bismuth exists in two 
enantiotropic modifications, the transition temperature 
between them being 75° at 760 mm. pressure. 

As regards the molecular condition of their vapours, these 
elements show a gradation of properties. Arsenic vapour, 
like phosphorus, is tetratomic at moderately low temperatures, 
but above 1600° dissociates into diatomic molecules. The 
density of antimony vapour at about 1600° shows that it is 
a mixture of diatomic and monatomic molecules. The vapour 
density of bismuth between 1600° and 1700° reveals a similar 
molecular state. Simple molecular constitution in the state of 
vapour is a criterion of the metallic state; the vapours of metals 
being, as far as is known, for the most part monatomic. This 
might be assigned to the high temperature required to vaporize 
them, but cryoscopic measurements also show monatomicity. 

The behaviour of these elements towards acids is important. 
Hydrochloric acid has little or no action on arsenic, antimony, 
or bismuth in absence of air; in presence of air the chlorides 
are formed. Nitric acid oxidizes arsenic to arsenic acid, 
H 3 ASO 4 , and antimony to hydrated antimonious or antimonic 
oxide according to the strength of the acid; this metal there- 
fore behaves like tin towards nitric acid. Dilute nitric acid 
dissolves finely-divided antimony, however; probably an ill- 
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defined nitrate is thus formed. When nitric acid acts upon 
bismuth the nitrate is formed in solution. Three degrees of 
metallic nature are here illustrated by the action of nitric acid 

(i) formation of soluble oxyacid, 

(ii) „ insoluble hydrated oxide, 

(iii) „ soluble nitrate. 

All three elements dissolve in hot concentrated, though not 
in dilute, sulphuric acid, with evolution of sulphur dioxide, 
and formation of sulphate, probably, in each case. Anti- 
monious and bismuthous sulphates are well known. Arsenious 
sulphate, As 2 (S 04 ) 8 , probably exists. 

Hydrides of Arsenic and Antimony 

The hydrides of this group have been discussed on p. 275; 
the properties of the simple hydrides of arsenic and antimony 
are further illustrated by the following facts: 

Arsine boils at —58-5° and solidifies at 111®. 

Stiblne --ir „ „ „ -88°. 

These hydrides are obtained by the action of hydrochloric 
acid on metallic arsenides and antimonides respectively, and 
are produced in a highly diluted state by the action of nascent 
hydrogen upon compounds of arsenic and antimony in solu- 
tion, as in the familiar Marsh’s test. The dissociation of the 
hydrides in this test is shown by the deposition of the solid 
elements in the heated tube. Stibine is more readily dis- 
sociated than arsine; and antimony, being less volatile, is 
deposited nearer the flame than arsenic. The hydrides are 
further distinguished by their behaviour towards silver 
nitrate. With solid silver nitrate arsine and stibine produce 
similar yellow compounds of silver arsenide or antimonidc and 
nitrate (Gutzeit’s test), thus: 

As(Sb)H3 -f 6AgXOa - As{Sb)Ag3-3AgNO, 4- 8HNO,. 

The arsenic compound is decomposed by water, thus: 

AsAga-iiAgNOs + 3HaO - «Ag -f 3HNO, + HaAsO*; 

(D 170) 
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but the antimony compound yields SbAgg and AgNOg without 
reduction of the silver salt. 

If arsine is passed through a dilute solution of silver nitrate, 
metallic silver is at once precipitated (Hofmann’s test), whilst 
the arsenic goes into solution as arsenious acid, thus: 

AsHa + CAgNOa + 3H2O - ()Ag + 6HNO3 + H3ASO3. 

In the case of stibine, however, silver antimonide is precipi- 
tated, together with some metallic silver resulting from the 
action of hydrogen on silver nitrate. This test serves p dis- 
tinguish and separate arsenic from antimony. 

The difference in behaviour in the two cases evi(Jently 
depends on the superior oxidizability of arsine, which passes 
into solution as arsenious acid. In this respect the hydride 
of arsenic approximates to that of phosphorus, which is a very 
powerful reducing agent. That arsenic itself is more easily 
oxidized than antimony is shown by the solubility in hypo- 
chlorite solution of the deposit obtained in Marsh’s test, the 
corresponding antimony deposit being insoluble. 

No other hydride of antimony but SbHg is known; arsenic, 
however, forms the compound ASgHg, which is a silky solid, 
produced by the action of water on sodium arsenide, AsNag. 
Its phosphorus analogue, P2H2, is not known, and the exist- 
ence of N2H2 is doubtful. 

The type of hydrazine, N2H4, and liquid hydrogen phos- 
phide, P2H4, is represented by cacodyl, As2(CH3)4, 

Oxygen Compounds of As, Sb, and Bi 

The oxides of the types XgOg and XgOj are representative of 
the two main classes of compounds which these elements form. 
Some lower and intermediate oxides are, however, known. 

A suboxide of arsenic, AsgO, probably exists, and is said to 
be produced, together with the various allotropic forms of the 
element, when arsenic is sublimed in an open tube. 

Corresponding with the unknown oxide, AsO, is the iodide, 
Asig, formed when Asig is heated with arsenic in a sealed 
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tube in presence of carbon disulphide. This compound recalls 
the iodide of phosphorus, P2I4. 

The existence of a suboxide of antimony is very doubtful. 

Bismuth forms a suboxide, BiO or BigOg, which is 
obtained as a black precipitate by the reduction of a bismuth 
salt by an alkaline stannous solution. The same compound is 
formed by igniting basic bismuth oxalate out of contact with air: 

(Bi0)2C204 -= 2BiO + 2 CO 2 . 

Bismuth dihalides, BiXg, are also known. 

A sulphur analogue of the RgOg type exists in the case of 
arsenic. It is the disulphide, AsgSo, which occurs naturally 
as realgar. Antimony and bismuth both form oxides, X2O4. 

Oxides of the Type X2O3 and their Derivatives 

Arsenious oxide, As40(., is analogous to phosphorous oxide 
on account of its molecular constitution, and the fact that it 
is an acidic anhydride. It also resembles phosphorous oxide 
in existing in more than one form. The vitreous form, which 
is transparent, is produced when ordinary “ white arsenic ** is 
heated to its temperature of sublimation. It passes into the 
octahedral form when kept at ordinary temperature. It is 
more soluble in water than the crystalline form, but a saturated 
solution gradually deposits octahedral crystals. Arsenious 
oxide also occurs in monoclinic crystals which separate from 
alkaline solution, and are isomorphous with a natural form of 
antimonious oxide. 

The resemblance between phosphorous and arsenious oxides 
is slight; for whilst phosphorous oxide is unstable towards 
heat, arsenious oxide is quite stable, and sublimes unchanged; 
and whilst phosphorous oxide is easily soluble in water, 
arsenious oxide is very slightly soluble. The power of com- 
bining with water possessed by arsenious oxide is so slight 
that the acid itself has never been obtained, evaporation of its 
solution causing the separation of the oxide. 

Arsenious oxide dissolves in sodium hydroxide and car- 
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bonate solutions, forming arsenites, though from hot con- 
centrated solutions some of the oxide again separates on 
cooling; it also dissolves in hydrochloric acid, owing to the 
formation of arsenious chloride, though from a concentrated 
solution arsenious oxide gradually separates in well-formed 
crystals. The presence of the volatile arsenious chloride in 
such a solution is proved by its appearance in the/ liquid 
obtained by distillation. 1 

Arsenious acid. — Arsenious oxide is slightly soluble in 
water, forming a solution with a feebly acid reaction.! This 
solution contains ortho- or meta-arsenious acid. Salts Corre- 
sponding with the unknown ortho-, pyro, and meta-arsepious 
acids, with the following formulie, are known: 

Ortho-arsenious acid As(OH)a == HsAsOa 

Pyro-arsenious acid As20(0H)4 = H4AS2O5 

Meta-arsenious acid AsOOH = HAsOa. 

Salts of pyro- and meta-, as well as of ortho-arsenious acid, are 
obtained by precipitation or crystallization from solution* not 
by ignition. The alkali arsenites, which are soluble in water, 
are metasalts or salts in which HjAsOg functions as a mono- 
basic acid, as in NaHgAsOg; most pyro- and ortho-arsenites are 
insoluble. All arsenites are easily decomposed, since arsenious 
acid is very weak; carbonic acid or hydrogen sulphide suffices 
for this purpose. The soluble arsenites react alkaline, owing to 
hydrolysis. There is no reason to regard arsenic as other 
than trivalent in arsenious compounds, arsenic thus differing 
from phosphorus in analogous compounds. 

Arsenious acid is a reducing agent, precipitating cuprous 
oxide from an alkaline cupric solution. It does not, however, 
possess such powerful reducing properties as phosphorous acid. 
Its reaction with iodine is well known. Arsenic in the con- 
dition of arsenious compounds may be reduced to the state of 
the element when in solution, as well as when heated in the 
solid state with reducing agents. For instance, a solution of 
stannous chloride produces As and AsHg (Bettendorff’s test). 
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Arsenious chloride, ASCI3, the chloride of arsenious acid, 
may be obtained by the action of chlorine on the element, or 
of hydrochloric acid on arsenious oxide. The latter method 
of formation suggests that this compound is a salt; and indeed 
by some of its properties it is thus characterized. It is a 
colourless liquid, boiling at 130 °, and soluble in organic sol- 
vents, like other chloranhydrides. It does not immediately 
give arsenious oxide with water, but first forms the crystalline 
compound AsCl(OH)2, which may be considered either as 
a basic salt or a chloroacid. Eventually AS4O6 separates, and 
so the following reversible reaction may be recorded: 

AS4OG f 12HC1 — 4 ASCI 3 -I OH.O. 

All these considerations are in agreement with those properties 
of the element arsenic which show it to be more basigenic 
than phosphorus, and cause it to be classified between the 
non-metals and metals, as a metalloid. 

Arsenious oxychloride, AsOCl, formed as a fuming 
liquid by the combination of arsenious oxide and chloride, 
forms As(OH) 2C1 with water. 

Antimonious oxide, Sb406, is a crystalline solid which is 
isodimorphous with arsenious oxide. It is very slightly soluble 
in water. The hydroxide, Sb(OH)3, manifests both basic and 
acidic properties, since it is precipitated from solutions of its 
salts by alkali hydroxide and redissolved by excess. The 
hydroxide easily loses water, passing into the crystalline 
oxide. This behaviour recalls that of arsenious oxide, though 
arsenious hydroxide has not been obtained, probably because 
it is not basic enough to be precipitated from solution by 
alkali. 

In addition to orthoantimonious acid, Sb(OH)3, which has 
been obtained pure, the pyroacid, Sb20(0H)4, is likewise 
known, but the meta-acid, SbOOH, has not been obtained 
in the free state, although the antirnonites correspond 
to it. 

Antimonious oxide would be expected to be more basic 
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than arsenious oxide. In accordance with this expectation 
it is found that antimonious chloride, SbClg, is a low- 
melting solid, soluble in non-hydroxylic solvents, which in 
the liquid state boils at 223°. It is decomposed by water, 
forming the solid oxychloride, SbOCl, known as antimonyl 
chloride, and this when boiled with excess of water yields the 
oxide. SbClg forms various complex salts with th^ alkali 
chlorides. 1 

Antimonious bromide is colourless, but the iodiae, like 
stannic iodide, is bright red, and forms double salts with alkali 
iodides, which are of an even deeper colour. The superior 
basic properties of antimonious oxide are shown in the fo^rma- 
tion of a crystalline sulphate which separates in needles from 
a sulphuric-acid solution of SbgOg. A nitrate of somewhat 
indefinite composition is also known. 

Bismuthous oxide, BigOg, usually occurs as a pale-yellow 
powder, but when crystalline it is isodimorphous with the two 
preceding oxides. It is much more basic than antimonious 
oxide, and indeed possesses no perceptibly acidic properties, 
since the hydroxide, precipitated from solution by potash or 
ammonia, is not soluble in excess of alkali. 

Bismutbous balides are feeble salts which melt at com- 
paratively low temperatures and can be distilled. Their 
halanhydride character is shown by their solubility in non- 
hydroxylic solvents and their formation of complex halacids 
and alkali salts. Bismuthous iodide, for instance, dissolves 
in hydriodic acid, forming hydriodobismuthous acid which 
crystallizes as: HBil 4 , 4 H 2 O. Various types of alkali salts of 
this acid are known. 

The feebly saline character of bismuth halides is manifested 
by their decomposition by excess of water. Thus the chloride 
undergoes the following well-known reaction with water, bis- 
mutbyl chloride being precipitated: 

Bids + H 2 O ^ BiOCl + 2HC1. 

BiOCl is, however, stable towards water, and thus differs from 
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SbOCl, which yields the hydrated oxide by further treatment. 
In this respect bismuth further shows its more metallic char- 
acter. 

The basic nature of bismuthous oxide is best shown by the 
formation of oxysalts. In addition to the crystalline nitrate, 
Bi(N03)8, 5H2O, which yields the basic salt BiONOa, HjO 
with water, a basic carbonate, a sulphate, and a phosphate are 
known. The sulphate forms with potassium sulphate the well- 
defined double salt KBi(S04)2. 

A resemblance between antimony and bismuth is shown by 
the solubility of their hydrated oxides in potassium hydrogen 
tartrate solution to form emetics, [K(Sb0)C4H40j2H20 and 
[K(Bi0)C4H40a]2H20, which are soluble in water and are 
therefore the potassium salts of antimonyl- and bismuthyl- 
♦^artaric acids. 


Sulphides of the Type XgS., 

The comparison of the sulphides of the elements of a 
natural group with the corresponding oxides constitutes an 
important study in chemical analogy, since the progression 
from acidic to basic functions in the oxides finds a parallel 
in the corresponding sulphides; and nowhere can this 
parallel be traced better than in the three elements under 
consideration. 

Arsenious, antimonious, and bismuthous sulphides are all 
precipitated from slightly acid solutions of their salts by 
hydrogen sulphide; but whereas the two former sulphides are 
soluble in dilute alkali hydroxide and sulphide solutions, 
bismuth sulphide is insoluble in these reagents, just as bis- 
muth oxide is insoluble in alkali. Thus the fact upon which 
the analytical separation of these elements is based finds an 
explanation in accordance with the periodic law. 

Bismuthous sulphide is, however, somewhat soluble in con- 
centrated sodium-sulphide solution, but is reprecipitated on 
dilution; unstable compounds of bismuth sulphide with alkalis 
can also be obtained by fusion. 
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The reactions which take place in the solution of the above 
sulphides may be represented as follows: 

2X2S3 + 4 KOH = 3KXS2 4 - KXO2 + 2H2O, 
or 

X2S3 + 2 KSH - 2KXS2 + H2S. 

The analogy between the oxides and sulphides is at once seen. 
When alkali hydroxide is used to dissolve the sulphide a 
mixture of thio- and oxysalt is formed; when alkali hydro- 
sulphide is used, thiosalt only results. These sulphides are 
therefore thioanhydrides which combine with basic sulphides 
to form metathiosalts. \ 

Whilst bismuth is differentiated from arsenic and antimony 
by the non-formation of the above compounds, arsenic and 
antimony may be distinguished, and the more metallic char- 
acter of the latter manifested, by the following facts: Al- 
though arsenic and antimony sulphides are both easily soluble 
in potassium-hydroxide solution, antimonious sulphide is less 
soluble than arsenious sulphide in the weaker base, ammonia; 
and by the use of a still weaker alkali, namely, ammonium 
carbonate, these two elements may be separated, since whilst 
arsenious sulphide dissolves in this reagent, antimonious sul- 
phide does not. The method of separation of arsenic and 
antimony, depending on the insolubility of arsenious sulphide 
in concentrated hydrochloric acid, also has significance in this 
connection, since this fact illustrates the greater difficulty with 
which arsenic assumes basic functions as compared with anti- 
mony. 

Oxides of the Type X2O4 

It will be remembered that N2O4 is a mixed anhydride 
forming nitrous and nitric acids with water, and that P2O4 simi- 
larly forms phosphorous and phosphoric acids. If intermediate 
oxides are sought among metals, which may present some analo- 
gies to this type, they may be found in mixed valency oxides 
FejO^, Pb304, Mn304, &c. With these considerations in view 
the properties of the tetroxides X2O4 may be mentioned. 



GROUP V 


335 


Arsenic tetroxide or dioxide, AS2O4 or AsOg, is said to 
be formed as a glass when equimolecular proportions of the 
trioxide and pentoxide are heated together. 

Antimony tetroxide, Sb204.— This oxide, which like 
Mn304 is formed when either of the other oxides is strongly 
heated in the air, is sometimes considered to be antimonious 
orthoantimonate, Sb • Sb04; it, however, forms the salt 
K2Sb205 when fused with potash, and is therefore more 
probably hypoantimonic anhydride. 

Corresponding with Sb204 are complex salts of the type 
MgSbClg, derived from the unknown SbCl4. 

Bismuth tetroxide, Bi204, is formed by leading chlorine 
into boiling potash solution in which BigOg is suspended; if too 
large an excess of potash is present, potassium bismuthate is 
formed. The compound Bi204 is perhaps bismuthyl bismuth- 
ate, (Bi0)Bi03. 

Oxides of the Type X2O5 

The three oxides. AS2O5, Sb205, BigO^, manifest the pro 
perties of acidic anhydrides, Bi205 behaving also as a basic 
peroxide like PbOg. 

Arsenic pentoxide, AsgO^, resembles phosphoric oxide in 
dissolving in water to form a strongly-acid solution containing 
arsenic acid; and it is obtained as a glassy mass by careful 
ignition of this acid. When strongly heated, unlike phos- 
phorus pentoxide, it breaks up into oxygen and the trioxide, 
and hence its vapour density has not been determined. Again, 
whilst phosphorus burns directly to the pentoxide, arsenic 
produces the trioxide when burnt. Nitrogen pentoxide, pre- 
pared by the dehydration of nitric acid, is easily decomposed 
by heat. 

It is therefore seen that the tendency towards complete oxi- 
dation, in which phosphorus exceeds nitrogen, and which is so 
characteristic of the former element, diminishes again with 
arsenic. Otherwise derivatives of AS2O5 and P2O5 are closely 
related. Thus the following are among the arsenates and 

(d170) 
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phosphates which resemble one another in manner of pre- 
paration and properties, this resemblance extending to iso- 
morphism in the case of crystalline compounds. 

AsgO, 

NaH^AsO,, H2O NaHaPO*, HaO 

NajHAsO^, I2H2O Na^HPO*, I2H2O 

Na3As04, 12H2O NagPO^, 12H2O 

MgNH4As04, 6H2O MgNH4P04, 6H2O 

Ag3As04 Ag3P04 

NaiAsaOj Na 4 P 207 

Mg 2 As 207 MgaPaO^ 

NaAsOg NaPOa 

\ 

Unlike the corresponding phosphates, however, met^- and 
pyroarsenates do not exist in solution, being at once trans- 
formed into the orthosalts when dissolved in water. 

Moreover, the arsenic acids or hydrated forms of arsenic 
oxide do not closely resemble the phosphoric acids. It appears 
that only two forms of solid arsenic acid exist,* viz. As205,4H20, 
or 2H3ASO4, HgO, a crystalline solid melting at 36^, obtained 
by evaporating a solution of AS2O5 in water until it boils at 
150°, and 3AS2O5, SIL^O, or HgAsgOjo, or perhaps 3HAs03*H20, 
prepared from the former by fusion and further loss of water. 
Thus neither H3ASO4, H4AS2O7, nor HAsOg appears to exist 
in the solid state. 

Ammonium phosphomolybdate is similar to ammonium 
arsenimolybdate, though the latter is formed with somewhat 
more difficulty at a higher temperature than its phosphorus 
analogue. 

Antimony pentoxide, SbgOg, obtained by the gentle igni- 
tion of the product of the action of nitric acid on the metal, 
is a light-yellow powder, practically insoluble in water, though 
it manifests an acid reaction towards litmus. This oxide is 
fairly stable, breaking up at high temperature into the tetroxide 
and oxygen. 

Ortho-, pyro-, and meta-antimonic acids are believed to 

♦Auger, compt. rend. (1908), 146 , 585; Balareff, Zeitsch. anorg. Chem. (xgiz), 71 , 
73; Menzies and Potter, J. Amer. Chem. Soc. (1912^1 34 , 1452. 
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exist. The orthoacid, H 3 Sb 04 , is obtained by precipitating 
potassium antimonate with dilute nitric acid, and drying the 
product over sulphuric acid; the pyroacid, H 4 Sb 207 , is formed 
by decomposing SbClg with hot water and drying the resulting 
powder at 100® ; whilst the meta-acid, HSbOg, is said to result 
from further heating the pyroacid. Potassium meta-anti- 
monate is known crystalline, and its aqueous solution precipi- 
tates from a sodium salt solution NaSbOg, which quickly 
changes into the crystalline antimonate Na[Sb(OH)6], the least 
soluble of sodium salts. 

Bismuth pentoxide, BigO^, is an unstable brown powder 
obtained by the gentle ignition of bismuthic acid, HBiOg. 
This latter substance is precipitated as a red powder when 
chlorine is passed through boiling caustic-potash solution con- 
taining bismuthous oxide in suspension; it possesses very 
feebly acidic properties, as is shown by its method of pre- 
paration, and forms unstable salts with alkalis, which are 
decomposed by water. With hydrochloric or oxyacids it 
yields bismuthous salts and chlorine or oxygen, thus behaving 
as a basic peroxide, owing to the instability of bismuthic 
compounds. It serves to oxidize manganese compounds in 
acid solution into permanganic acid. 

Pentahalides of Arsenic and Antimony 

Arsenic and antimony pentafluorides. — It is note- 
worthy that polyfluorides are much more stable than other 
corresponding polyhalides, and are vaporized without dis- 
sociation. Thus SFe and OsFg are polyfluorides, to which 
no other halides correspond. It is interesting therefore to 
record the existence of arsenic and antimony pentafluorides. 

Arsenic pentafiuoride, AsFg, is prepared by the com- 
bination of the trifluoride with fluoride, or by the interaction 
of the trifluoride, antimony pentafluoride, and bromine thus:* 

AsFa + 2SbF5 + Br* = AsF^ + 2SbBrF4. 

• Ruff and Grof, Ber. (1906). 39, 67 . 
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It is a colourless gas to which the salt KgAsF^, HgO corre- 
sponds. 

Antimony pentafluoride, SbFg, is a colourless liquid, 
formed slowly when the pentachloride and anhydrous hydrogen 
fluoride are boiled together. Bismuth pcntafluoride is too 
unstable to be isolated. 

Arsenic and antimony pentachlorides. — It was pointed 
out when studying phosphorus that phosphorus pentachloride 
is less stable than the pentoxide, as is manifested inyhe dis- 
sociation of the former by heat. Now since arsenic p^toxide 
is itself dissociated by heat, it is to be expected that the penta- 
chloride of this element will be very unstable. This^s the 
case, for although AsCls is said to be formed by the union of 
AsClg and Clg at —40°, the product may be only a solution 
of chlorine in the trichloride. 

Antimony pentoxiac, on the other hand, is more stable than 
arsenic pentoxide, and antimony pentachloride is a yellow 
fuming liquid prepared from the trichloride and chlorine, and 
sufEciently stable to be distilled under reduced, but not under 
normal pressure. Its chemical nature may be judged from the 
fact that it forms a crystallohydrate with ice-cold water, but is 
decomposed by hot water into antimonic and hydrochloric 
acids. It thus resembles stannic chloride, just as antimony is 
comparable with tin in metallic properties. 

Bismuth pentachloride is not known, and would not be 
expected to exist, considering the instability of the pentoxide. 


Pentasulphides 

The pentasulphide of arsenic exists, the existence of that 
of antimony has been denied, and bismuth pentasulphide is 
unknown. 

Arsenic pentasulphide, AS 2 S 5 , is formed as a yellow pre- 
cipitate when hydrogen sulphide is passed through a cold 
solution of an arsenate containing hydrochloric acid. When 
the proportion of HCl in the solution lies between 7*9 and 14*3 
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per cent the precipitate consists of AsgSg only; if, however, 
the proportion of the acid is increased the precipitate contains 
AS2S3 mixed with sulphur, and when its concentration reaches 
32 per cent the precipitate consists of AsgSg and sulphur only. 
The function of the hydrochloric acid appears to be to retard 
the oxidation of hydrogen sulphide by arsenic acid; but when 
the former becomes concentrated it is itself oxidized thus: 

AsoOn 4 loHCl - 2ASCI3 + 2CI2 4 - 5H2O 

so that AS2S3 is precipitated, accompanied by sulphur formed 
by the action of chlorine on hydrogen sulphide.* The pre- 
cipitation of AsgSj in the former case is probably preceded by 
the formation of thioarsenic acids Ii3AsSn04^u, the acid 
H3ASS4 which finally results then decomposing into AsgSg 
and HgS. AS2S5 is also formed in the dry way, and may be 
sublimed. It is a thioanhydride, dissolving in alkalis according 
to the reaction: 

AS2S5 4 - fiMOH - M3ASS4 4 - M3ASSO3 4 - 3H3O. 

In addition to the monothioarsenate, MgAsSOn, some dithio- 
arsenate, MgAsSgOg, is also formed;'|' but if alkali sulphide 
is the solvent, thioarsenate alone results. The free acid is 
liberated by acidifying a thioarsenate solution, but quickly 
decomposes, giving a precipitate of the pentasulphide. 

Salts of meta- and pyro-, as well as of orthothioarsenic acid, 
are known. 

Antimony pentasulphide. — ^When hydrogen sulphide is 
passed through an acidified solution of an antimonate an 
orange-red precipitate is formed which is supposed to be 
chiefly SbgSg*, and when Sb^Sg is boiled with caustic soda and 
sulphur, the solution after filtering deposits crystals of sodium 
thioantimonate, NagSbS^, OHgO, known as Schlippe^s salt. 
Acid separates from a solution of this salt a precipitate similar 
to the above. The preparation known as sulphuret of antimony^ 
similarly prepared, is said to consist of the pentasulphide 

•Usher and Travers, Chem. Soc. Trans. (1905), 87 , 1370. 

t M*Cay, Zeitsch. anorg. Chem. (1900), 25 , 459. 
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mixed with the trisulphide and sulphur; but according to 
Kirchhof * SbgSg does not exist, the precipitate always consist- 
ing of antimony tetrasulphide, Sb 2 S 4 , mixed with SbjSg 
and sulphur. 

THE ELEMENTS OF SUB-GROUP VA 
Vanadium^ Columhium {Niobium) ^ and Tantalum 

Of the elements of this sub-group, vanadium is ofl interest 
on account of the number of types of compound which k forms. 
In this it shows analogy with nitrogen, and especially with 
phosphorus, although it diifers from these elements by \ reason 
of its distinctly metallic properties. Columbium and tai^talum 
are rare elements which have some industrial applicatidns. 

Vanadium 

This element which occurs in a variety of rare minerals, 
chiefly as vanadate of lead, was obtained by Roscoe by heating 
the dichloride in an atmosphere of pure hydrogen. It is 
a whitish-grey crystalline powder which does not melt nor 
volatilize when heated to redness in hydrogen. It thus presents 
a marked contrast to arsenic, its analogue in sub-group VB. 
Its feebly metallic properties are shown by the fact that it does 
not displace hydrogen from water or dilute acids except from 
hydrofluoric acid. It readily absorbs and combines with 
oxygen and nitrogen when heated in these gases. In small 
amount it confers tenacity and elasticity upon steel. 

Vanadium resembles nitrogen in forming the complete series 
of oxides, VgO, VgOgCVO), V 2 O 3 , V204(V02), VgOg. 

Vanadium monoxide, VgO, is a neutral oxide, similar to 
the lower oxides of molybdenum and tungsten, which do not 
fulfil their expected basic function, being insoluble in acids. 

Hypovanadous oxide, VgOg, or VO, was mistaken by 
Berzelius for the metal. A chloride and sulphate are known, 
the latter forming with potassium sulphate the double salt, 
VSO4, K2SO4, GHgO. 

* Kirchhof, Zeitsch. anorg. Chem. (1920), 112 , 67, 
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Vanadous oxide, V2O3, is insoluble in acids but its chloride 
and siilphate are well known, the latter forming true alums with 
alkali sulphates. Vanadyl monochloride, VOCl, is a basic salt. 

Hypovanadic oxide, V2O4 or VO2, forms hypovanadates, 
and K2V4O9, THgO. A tetrachloride is known, 
and the following basic salts: VOCI2, VgOgClg, V0(S04), 2H2O. 
In this oxide basic and acidic properties are about equal. 

Vanadic oxide, V2O5, possesses well-developed acidic and 
feebly basic properties. It is, however, a weak anhydride, 
and is separated as a red powder from a solution of a salt by 
addition of acid. This oxide fuses without loss of oxygen. 
It is used as a catalyst to promote oxidation. Meta- and 
pyrovanadic acids, and meta- as well as tetra- and hexavanadates 
exist. These latter salts, which are unrepresented among 
phosphorus compounds, are peculiarly characteristic of poly- 
basic acids derived from weak metals or non-metals. Chromium, 
molybdenum, and tungsten form such poly-acids, as well as 
boron, among non-metals. Vanadic resembles phosphoric 
acid in forming complex acids with molybdic and tungstic 
acids. NH4VO3 is the best-known vanadate. 

The pentachloride VCI5 appears not to exist, but VOC 18 is 
a lemon-yellow liquid, boiling at 126 * 7 °, soluble in non- 
hydroxylic solvents, and decomposed by water. It is an 
oxychloranhydride rather than a basic salt. 

The sulphate (VO)2( 804)3 obtained from a solution 

of the oxide in concentrated sulphuric acid. It forms double 
salts with the alkali sulphates. 

It will be seen from the above brief account of vanadium 
compounds that they manifest all stages from basic to acidic 
properties with increase in proportion of oxygen; but that, 
in accordance with the position of this element in the A sub- 
group, even the most highly oxidized derivatives are basic. 

Salts corresponding with the various stages of oxidation 
possess different colours; those of V2O5 are yellow, of V204* 

•The lower oxides of vanadium arc powerful reducing agents. A solution of 
V|Oi in dilute sulphuric acid serves to standardize permanganate, and after oxida* 
tion may be reduced again by SO,. 
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blue, of YpQ^ green, of VgOg lavender. When zmc is placed 
in an acidified solution of ammonium vanadate, the above 
colours may be observed as reduction proceeds. Hydrogen 
peroxide by oxidizing the solution reverses the colour effects. 

The vanadium compounds are here summarized: 

Vanadium Compounds 


Oxide. 


Derivatives. 


jColour in 
[Solution. 


Vanadium monoxide, VjO 
Hypovanadous oxide, VO 
Vanadous oxide, VjOj 

Hypovanadic oxide, VO^ 


Vanadic oxide, VaO# 


Neutral oxide, no salts 

VCI2; VSO4, 7H2O; VSO4, K2SO4, 6HnO Lavender. 
VCU ¥2(804)3; Va(S 04 ) 3 , K2SO4. 24H2O GVcen. 

{ VCI4; VOCI2; VOSO4, 2H2O 
\ K2V4O#, 7II2O; AgjVaOs (hypovanadates) 

VOCI3; (V0)2(S04)3 

HVO3; H4V2O7; H4V80,7 (vanadic acids) 

NaVO,; Na 4 V 207 ; NaaHVeOi,, NaallaVeOi, 

Ag3V04 (by precipitation) 


} hjue. 

I Yellow. 


Vanadates differ completely from phosphates in their 
oxidizing properties. Moreover, the meta-vanadates are stable, 
whereas the orthophosphates are more stable than the meta- 
or pyro-salts. Ortho-, meta-, and pyro-vanadates are white 
or faint yellow, but addition of acid produces orange or red- 
coloured polyvanadates. These changes may be summarized 
thus: 

VO 4 '" -> V^O/'" -> V 3 O/" HVeOi/". 

ortho- pyro- meta- hexa- 

Further condensation may occur, but finally, hydrated VgOg 
forms. 

Many alkali polyvanadates exist in two forms. The following 
examples of isomorphism are noteworthy: 

NaaPO*, I2H2O : Na3V04, I2H2O 
3Pba(V04)2, PbCIa : 3Pb3(As04)2, PbClg : 3Pb3(P04)2, PbClg. 

vanadinite mimctesite pyromorphite 

Because of this isomorphism, vanadium was originally con- 
sidered a member of sub-group B and not, as now, of sub-group 
A in series with chromium. 
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CoLUMBiuM (Niobium) and Tantalum 

In 1801, the English chemist Hatchett reported the existence 
in an ore of American origin of a new element which he called 
columbium (Cb). In 1844, Rose, in Germany, announced 
the discovery of niobium (Nb), which was later shown (1863) 
to be identical with columbium. This name therefore, has 
right of priority. Tantalum was discovered in 1802 by Ekeberg. 

Columbium is obtained by reducing the pentoxidc by 
“ mischmetall or aluminium; tantalum by reducing K 2 TaF 7 
by sodium, or by electrolyzing the molten salt. 

Both metals are high-melting, lustrous, and stable in air, 
but combine with oxygen on heating. The reaction 

4'Pa 1 502 ^ 2Ta206 

is reversible in vacuo at high temperature, and serves to 
produce the pure metal, which thus shows analogy with the 
metals of Group VIII. 

They are soluble in hydrofluoric acid only, and with fused 
alkalis yield columbates and tantalates. 

Use has been made of both elements in electrolytic rectifiers 
of alternating current. Tantalum was used for incandescent 
electric filaments prior to its displacement by tungsten. 

The following oxides have been reported; CbO (doubtful); 
CbgOg; CbOg; Chfi,; TaOg; TaA* 

Simple divalent salts are unknown. Reduction of CbCls by 
sodium or lead gives the green complex chlorocolumbium 
Chloride, probably H[Cb 3 Cl 7 . U^OpU^O. Tantalum forms 
similar chloro- and bromo- compounds, in which one of the 
halogen atoms is replaceable by Br', OH' or SO/, giving, 
for example, H[Ta 3 Cle . Br . H20]3H20. These complexes 
(which occur also with molybdenum and tungsten) indicate 
very weak saline power in the bivalent state. 

Columbium sesquioxide, CbgOg, and the dioxide, CbOg 
are obtained by reducing CbgOg by magnesium or hydrogen. 
Tantalum dioxide, TaO^, is similarly prepared using mag- 
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nesium. Neither dioxide shows basic properties towards acids, 
and with alkali they yield columbates and tantalates. The 
chlorides, CbCl 8 (black), and TaClg (green), have been isolated, 
but tetrachlorides are doubtful. 

These tervalent chlorides show saline character in their 
stability towards water, CbClg not being attacked, and TaClg 
but slowly (cf. CrClg); hence tervalent columbium is 
apparently the more basigenic. Both oxidize read^ily. By 
means of zinc in acid solution, columbates, but not tantalates, 
may be reduced with colour change to the tervalent stpge. 

The pentoxides, CbgOg, TagOg, are obtained by^^drying 
the gelatinous precipitates obtained by hydrolysis (pf the 
pentahalides, or by the action of acids on columbates or 
fluoxycolumbates and tantalates or fluotantalates. 

The oxides are white powders, soluble, after ignition, in 
HF only. Ta^Og is remarkably stable. Unlike CbgOg, it is 
not attacked by CCI 4 alone, nor reduced by hydrogen. When 
fused with alkalis, columbates and tantalates are formed. 
These salts, which are generally insoluble and complex, are 
analogous to the vanadates. The hypothetical acid, H3Ta04, 
is represented in K7[Ta(Ta04)4]12H20, a member of a series 
which contains the only known soluble alkali tantalates. 

True columbic and tantalic acids are unknown, the products 
obtained by the action of acids on their salts being hydrous 
oxides of marked colloidal character, resembling silicic, titanic, 
and zirconic acids. The pentoxides are thus weak acidic 
anhydrides; TagOg being slightly more basic, since tantalates 
are decomposed more readily than columbates by dilute acetic 
acid or carbon dioxide. The close resemblance of columbium 
and tantalum in their compounds is due probably to the lan- 
thanide contraction (q.v.), though the difference here is more 
marked than with zirconium and hafnium. 

The power to form heteropolyacids, so marked in vanadium, 
is very limited here. 

As with vanadium, per-salts result by the action of hydrogen 
peroxide on alkali columbates and tantalates. The per-acids 



GROUP V 


345 

are of the type HMO4, a:H 20; pervanadic acid is unstable, 
pertantalic acid is stable at 100°, and gives no hydrogen 
peroxide with cold dilute sulphuric acid. 

With the exception of Cblg, all the pentahalides MX5, are 
known. The existence of Taig, in which the member of 
highest atomic number exhibits the group valency towards 
iodine, is remarkable in this section of the periodic table. 

These halides may be obtained in the dry-way only, by 
the action of halogens on the metal or on a mixture of oxide 
and carbon. TaFg is also formed by the action of dry HF on 
TaClg; similarly TaBrg and HI yield Talg. They are halan- 
hydrides, readily volatile, and hydrolyzed at once by water. 

Oxyhalides are known, but they are oxy-halanhydrides, 
forming no salts of the uranyl type. Some examples are: 

CbOCU; CbOBra; TaO.Cl; TaOBra. 


Fluoxy- and fluo-columbates and tantalates. — ^The 
separation of columbium and tantalum was first achieved by 
Marignac (1866) by dissolving the mixed pentoxides in con- 
centrated HF, adding potassium fluoride and concentrating 
carefully. He thus obtained potassium fluoxycolumbate* 
K 2 [Cb 0 Fg]H 20 and potassium fluotantalate (or tantali- 
fluoride), Kg'TaF^. This latter being least soluble, and the 
two substances not being isomorphous, a separation was 
effected. Some examples of these numerous complex com- 
pounds are: 


[CbFJK, 
[CbF,]Cs 
[CbOFslKa, H*0 
[CbOF4]NH4 


[TaFslNaj 
[TaF,]K, 
[TaFolH. HaO 
[TaOFeKNH*),. 


Fluoxytantalates do not form when HF is present; fluoxy- 
columbates may form, but excess HF produces fluocolum- 
bates. 

The sulphide, TaSg, results when a mixture of HjS and 
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CS2 is passed over heated TagOg. The black powder is 
stable to hot HCl. Columbium disulphide is doubtful^n 


NOTE ON THE FIXATION OF ATMOSPHERIC 
NITROGEN 

A study of the distribution of terrestrial nitrogen shows that 
this element is present in volcanic gases, and that it exists 
combined in small quantities in deep-seated nitrides\and in 
surface deposits of nitrates, as well as in accumulations of 
nitrogenous matter of undoubtedly organic origin. Thus nitro- 
gen appears to form but a very small part of the cr\ist or 
internal mass of the earth. 

This fact is no doubt to be attributed to the inertness of 
nitrogen, which consequently failed to combine to any extent 
with other elements in the earlier stages of cosmic develop- 
ment. Some of this free cosmic nitrogen was probably origi- 
nally occluded within the generating material of our planet, 
and eventually accumulated outside the earth, forming the 
larger part of our atmosphere. 

Notwithstanding the comparative rarity of combined nitro- 
gen, this element plays an essential part in vegetable and 
animal metabolism, since it enters into the composition of the 
numerous and important class of proteins. 

How nitrogen has become available for plant and animal 
life, and how its availability may be increased artificially, are 
questions which will here be dealt with. 

plants require nitrogenous food in the form of soluble 
nitrate; and this material results naturally from atmospheric 
electric discharge, whereby nitric acid is formed. In this way 
about eleven pounds of nitrate per acre are annually formed 
in the temperate, and a larger amount in the tropical regions. 
This, however, is not the only riTeans by which atmospheric 
nitrogen is fixed.* 

* According to B. Moore, both lower and higher plants build up nitrates and 
nitrites, and form organic nitrogen compounds, from the free nitrogen of the atmo- 
sphere (Chem* Soe, Trans. (1921), 119 , 1565). 
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Nodules found on the roots of legximinous plants consist of 
colonies of azoto bacteria, which in symbiotic union with 
these plants enable them directly to assimilate atmospheric 
nitrogen. 

Rotation of crops, justified by long experience, depends on 
the enrichment of exhausted soil by a leguminous crop. 

Thus, firstly by electric discharge, and secondly by the aid 
of certain micro-organisms, atmospheric nitrogen is made 
available for plant, and thence for animal food. 

Simultaneously, however, some nitrogen is being yielded 
back to the air by organic decay, and the work of denitrifying 
bacteria; but the currency of most of the fixed nitrogen is 
upheld through the agency of nitrifying bacteria. 

Animal waste nitrogen is eliminated chiefly in the form of 
urea, of which it has been calculated that about 4.0,000 tons 
per day are produced by mankind alone. In the soil urea is 
hydrolyzed to ammonium carbonate, and the ammonia of this 
salt is converted first to nitrite and eventually to nitrate by 
nitrifying bacteria. This is a natural process, which is em- 
ployed and can be followed readily in the course of sewage 
purification. Nitrates are the final products of natural purifi- 
cation, and are also the most available nitrogenous plant foods. 

Under conditions of artificial cultivation, but especially by 
reason of sewage disposal systems rendered necessary by the 
congestion of population, animal nitrogenous waste is very 
largely diverted from the soil to the sea. This is perhaps the 
most serious cause of depletion of the soil of nitrogen; for 
unless nearly all the animal waste resulting from the use of 
nitrogenous vegetable food is returned to the soil, local im- 
poverishment must occur. It thus becomes needful to supply 
nitrogenous manures, of which the main sources are: 

(tf) Guano, which is limited in quantity, is not the most 
available form, and is practically exhausted. 

(6) Ammonia in the form of sulphate, derived from the 
destructive distillation of shale and coal. 

(c) Chile saltpetre, or sodium nitrate. 
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The world production of sulphate of ammonia in 1920 was 
2,016,000 tons, and of Chile saltpetre 2,966,000 tons, but 
owing to war requirements a somewhat higher maximum of 
saltpetre exportation had been reached in 1917. 

The question of the early exhaustion of the Chilean de- 
posits has been raised, and the anticipation of a world shortage 
of nitrogenous manures has stimulated the artificial fixation 
of nitrogen; but it is estimated that at the present rate of 
production the nitrate beds will certainly last for another 200 
years (Hobsbaum and Grigioni, J. Soc, Chem. /wrf.\fl917), 
36, 62). Nevertheless the artificial production of liitrogen 
compounds has so increased during recent years that ^t now 
exceeds in amount the annual yield of natural nitrate, as the 
following figures show: 


Product. 

Production in Percentages. 


1912 

1920 

Chile nitrate 

57*5 

30*2 

By-product ammonium 



sulphate 

88-0 

20-6 

Fixation products: 



Cyanamide 

3*1 

20-9 

Nitrate of lime 

1-4 

2-5 

Synthetic ammonia 

nil 

19-8 

Total fixation products 

4*5 

43*2 


1000 

100-0 


The proportions of the total fixed nitrogen obtained arti- 
ficially had been as follows in some previous years: 

1909, 1 per cent; 1913, 10 per cent; 1917, 80 per cent.* 

In the atmosphere there are about 4000 billion tons of 
nitrogen; or otherwise, over 1000 acres there is nitrogen 
equivalent to nearly 200 millions of tons of Chile saltpetre. 
Yet by reason of the relative inertness of nitrogen the 


•y. Soc. Chem. Jnd. (1921), 40, 285R. 
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problem of fixing this element by chemical methods at a 
price to compete with ammonia and saltpetre has been one 
of great difficulty. 

The chemical fixation of atmospheric nitrogen can be carried 
out most economically where a natural head of water affords 
cheap motive power. Such source of power is not, howwer, 
essential. The processes employed, as indicated above, are 
three: (i) the formation of calcium cyanamide, CaNCN, by 
absorption of nitrogen by calcium carbide; (ii) the formation 
of nitric oxide, subsequently converted into nitric acid, by the 
action of the electric arc on air; (iii) the synthesis of 
ammonia from its elements, and the subsequent oxidation of 
this compound to nitric acid. 

The Cyanamide Process. — ^The union of acetylene and 
nitrogen to form hydrocyanic acid was demonstrated by 
Berthelot in 1869. Carbides of barium and calcium, whose 
preparation we owe to Moissan, similarly unite with nitrogen 
at high temperatures, but only when impure, to yield in the 
case of barium a mixture of cyanide and cyanamide: 

BaCa + Na = Ba(CN )2 

BaC« + Na == BaNCN + C, 

and in the case of calcium, cyanamide only: 

CaCa + Na - CaNCN + C. 

Each of these derivatives yields sodium cyanide, and the 
alkaline-earth carbonate, on fusion with sodium carbonate: 

Ba(CN)a + NaaCOa = BaCOg + 2NaCN 
CaNCN + C + NaaCOa - CaCOa + 2NaCN. 

Under the names of “ calcium cyanamide ”, “ kalkstickstoff ”, 
or “ nitrolim ”, the calcium compound is now produced com- 
mercially. 

The preparation of “ nitrolim ” requires pure nitrogen. In 
the factories at Odda, in Norway, atmospheric nitrogen is 
separated from the air by means of a Linde liquefying plant, 
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advantage being taken of the boiling-point diiference between 
nitrogen, = —196® C., and oxygen, = —183® C. 

As alternative processes for obtaining nitrogen, air may be 
passed over hot copper, the oxide being subsequently reduced 
by generator gas; or producer gas (Ng, CO, Og) may be passed 
over a hot mixture of copper and its oxide, whereby a mix- 
ture of nitrogen and carbon dioxide is formed (Carol 
The reaction of formation of calcium cyanamide, 1 

CaCa + Na CaNCN + C, \ 

begins at 800° to 900° C., and is reversible above llsfOO® C. 
Admixture of calcium chloride or fluoride facilitates the 
reaction, probably by lowering the fusion temperature. 

The use of cyanamide as a fertilizer depends on the forma- 
tion by hydrolysis of ammonia, which is eventually converted 
into nitrate by the nitrifying organisms of the soil. 

The former reactions probably are: 

(1) CaNCN + COg + HgO - CaCOa + NH^CN, 

(2) NHaCN + HaO - COCNHa)^, 

the urea thus formed being hydrolyzed (by the hydrolytic 
micrococcus of urea) to ammonium carbonate: 

(3) CO(NH2)a + 2HaO - (NH^laCOa. 

Other applications of nitrolim are: the formation of ammonia 
by means of superheated steam; the formation of cyanides, 
CaNCN + C Ca(CN) 2 , by heating with a suitable flux; 
the formation of dicyandiamide by the action of cold water, 
2 CaNCN 4 - 4H2O = 2Ca(OH)2 + (HaNCN)^; 

and the production of urea, CO(NH 2)2 of guanidine, 
HN : C(NH 2 ) 2 , and of nitroguanidine, NOgN : C(Nn 2 ) 2 , by 
the action of acids. 

The Atmospheric Nitric Acid Process. — The direct 
union of oxygen and nitrogen with the formation of nitric 
oxide, in accordance with the reversible reaction: 

Na + O 2 2NO, 
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either under the influence of the electric discharge, or at the 
temperature of a hot flame such as that of hydrogen, has long 
been known, having first been observed by Priestley and by 
Cavendish. 

Nitric oxide is endothermic, and unstable above 1200°; at 
3200° about 5 per cent by volume can be formed from air, and 
about 14 per cent from an equimolecular mixture of oxygen 
and nitrogen. Owing, however, to the difficulty of rapidly 
cooling the gases from the temperature of the electric arc 
(about 3000° to 3500°) to below the stability temperature 
(1200°), the actual yields of oxide do not exceed 1*5 to 2 per 
cent of the volume of air employed. 

In the design of a nitrogen fixation furnace the following 
points have to be considered.* 

(i) To insure that as much of the air as possible is brought 
into contact with the arc flames. 

(ii) To remove quickly and cool the nitric oxide formed. 

It is important also to provide for automatic regulation of 
the current and continuity of working. 

The electrodes are made of metal, generally of an alloy of 
copper or aluminium, but sometimes of steel; they are hollow 
so as to be water-cooled. The entering air is sometimes 
preheated by the waste heat of the furnace, and it is advan- 
tageous to use a mixture of nitrogen and oxygen in equal 
volumes instead of air; the yield, also, is increased if the 
temperature of the arc can be raised from 3200° to 4200° C. 

The chief types of furnace are: 

(< 2 ) magnetically-blown arc furnace (Birkeland-Eyde); 

(h) air-blown arc furnace (Pauling); 

(c) longitudinal standing arc furnace (Schonherr-Hessberger) 

(d) three-phase furnace (Kilburn Scott). 

Alternating currents of high potential are used in all these 
furnaces. In the Blrkeland-Eyde (Scandinavian) furnace the 
arc oscillates rapidly in an electro-magnetic field, as the current 

• E. Kilbum Scott, y. Soc. Chem, Ind. (i9*5)» 34, 113 ; (iQi?)* 36 77i* 
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alternates, producing the appearance of a disc of flame. The 
nitric oxide is thus swept forwards by a continuous current 
of air without the decomposition it would suffer if the arc 
occupied one position continuously. 

In the Pauling furnace the nitric oxide is carried away 
from the zone of production by an air blast instead of by 
electro-magnetic action, whilst in the Schonherr-Hessberger 
furnace the arc is drawn up a narrow tube by a whirliiig current 
of air, and so the dissociation of the nitric oxide is prevented, 
whilst the incoming air is preheated by the heat of the pcaping 
air. \ 

The furnace of Kilburn Scott, devised for use ih Great 
Britain, differs from the above in the employment of the three- 
phase alternating current. The reaction chamber is in the 
shape of an inverted hexagonal cone the faces of which consist 
alternately of the alloy composing the three electrodes and of 
firebricks. Inside this chamber the three-phase arc flame 
rotates fifty times a second, and through it the air, preheated 
to 250° C., passes upwards from a nozzle at the base. Since 
the air takes more than second to pass through the fur- 
nace, all of it necessarily comes into contact with the flame. 
At the top of the furnace is a boiler on which the issuing 
gas impinges; and, since nitric oxide has no action on metals, 
this boiler is not corroded provided the temperature of the 
gas is not lower than 600° C., below which temperature NOg 
is formed. Thus the cooling of the gas furnishes heat for 
power production. 

When the gases, finally cooled to about 50° C., react with 
water a mixture of nitric and nitrous acids is formed; 

2NO2 + H2O = HNO3 + HNO2, 

but nitrous acid rather easily undergoes self-oxidation and 
reduction, especially in higher concentration, thus: 

3HNO2 = HNO3 + HaO + 2NO, 
and the nitric oxide with a fresh quantity of oxygen again 
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yields NO 2 , so that the greater part of the peroxide is con- 
verted eventually into nitric acid. 

Absorption is effected in a series of towers in which the 
water passes in the opposite direction to the gas current, so 
that acid of about 50 per cent strength is formed in the first 
tower, whilst nitrous acid tends to be formed in the last. An 
additional tower, containing milk of lime, effects the removal 
of the last traces of oxides, in the form of calcium nitrite and 
a little nitrate. 

The acid may be concentrated by distillation with sulphuric 
acid, or it may be neutralized with ciialk and the solution 
evaporated till crystallized calcium nitrate, Ca(N 03 ) 2 , ^HgO, 
separates; or the liquid may be still further concentrated until 
it sets to a hard mass, forming the ‘‘ Norwegian saltpetre ** or 
“ air saltpetre ” of commerce. 

Nitrites are obtained from the product in the last tower. 
If calcium nitrite has been made, ‘‘ nitrous fumes ** are pro- 
duced by the action of nitric acid: 

Ca(N02)a + 2HNO3 - Ca(N03)3 [- NO + NO^ -f H^O, 

and on absorption by caustic soda give technically pure nitrite, 
2NaOII + NO + NO2 - 2NaN02 + H3O. 

The Synthesis and Oxidation of Ammonia.* — It has 
long been known that when a mixture of nitrogen and hydro- 
gen is led over a catalyst such as iron or manganese, small 
amounts of ammonia are produced. It was discovered by 
Haber that by greatly increasing the pressure on the gases, 
and maintaining the temperature of the catalyst at 600® C., 
the yield of ammonia could be so increased that the commercial 
synthesis of this product became practicable. Ammonia can 
then be oxidized in presence of a catalyst to nitric acid, whence 
ammonium and sodium nitrates are prepared. Thus, in 
1916, 400,000 tons of atmospheric nitrogen were converted 

• Maxted, y . Soc. Chem, Ind. (1917), 36 , 777; Partington, J. Soc. Chem. Ind 

[1921), 40 , (R) 99, 144, 185. 
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into synthetic products in Germany, so that the importation 
of Chile saltpetre became unnecessary. 

For successful working the gases employed must reach a 
high state of purity. Pure nitrogen can be obtained by lique- 
fying air, and pure hydrogen by electrolysis. The former 
process is, however, only supplementary, and the latter is too 
expensive. Methods of purification have been so /perfected 
that pure nitrogen and hydrogen can be obtained from a mix- 
ture of producer gas and water gas of the following percentage 
composition: 40 per cent H 2 , 30 per cent CO, 12 per aent CO 2 , 
18 per cent Ng. \ 

Carbon monoxide is eliminated by causing the Veaction 
CO + HgO CO 2 + Hg to take place in presence of a 
catalyst. The carbon dioxide is then removed from the 
gaseous mixture by absorption in water under pressure, and 
the remaining carbon monoxide by exposure to concentrated 
sodium hydroxide solution at high temperature and pressure 
so that sodium formate is produced. The remaining gases, 
brought exactly to the proportion N 2 : SHg by the addition 
of nitrogen made from air by the Linde liquefaction process, 
and under a pressure of 200 atmospheres, are passed over the 
catalyst consisting of iron with an activator (possibly molyb- 
denum) at 600® C., and the ammonia produced is dissolved 
in water under the same pressure, or liquefied in a refriger- 
ator. 

The oxidation of ammonia to nitric acid in presence of a 
metallic catalyst, discovered by Kiihlmann in 1830, was 
developed into a commercial process by Ostwald in 1902. 
Base metal catalysts, such as iron, activated with bismuth, 
copper, &c., may replace platinum, and when the mixture of 
ammonia and air is passed over the catalyst at 700® C. at such 
a velocity that the period of contact is 0-03 second or less, 
decomposition of the oxides of nitrogen formed is prevented, 
and 90 per cent of the ammonia is converted into nitric acid. 
The oxidation proceeds according to the reaction: 

4NH3 -}- 5O2 - 4 NO + 6H2O. 
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Such are the purely chemical methods by which the problem 
of the fixation of nitrogen has been solved. Attempts to find 
a solution on biological lines, by application to the soil of 
pure cultures of the nitrogen-assimilating organism, have been 
numerous, but are of secondary importance. 

NOTE ON LIQUID AMMONIA AS A SOLVENT 

In various reactions ammonia is analogous to water, as in 
the formation of alkali and acidic amides from alkali metals 
and acidic chlorides respectively, as well as of imides from the 
amides of dibasic organic acids by loss of ammonia. Thus 
it is suggested that the amide group ('NHg) is analogous to 
hydroxyl ('OH), whilst the imide group ("Nil) is analogous to 
oxide ("O). 

This analogy may be further developed. 

OH attached to metal gives an oxybase, e.g. KOH, 

NHji attached to metal gives an ammonobase, e.g. KNH,, 

OH attached to an acidic group gives an oxyacid, e.g. R • COOH, 

NHa attached to an acidic group gives an ammonoacid, e.g. R'CO'NH^. 

Hence the following reactions are analogous: 

KOH + R-CO-OH R-CO*OK + HOH 

KNH, -h R-CO-NHg ^ R*CO*NHK + NIV, 

that is to say, analogous to oxysalt formation and hydrolysis 
there are ammonosalt formation and ammonolysis. Just 
as the oxy-reactions are realizable through the agency and 
medium of liquid water, so the analogous ammono-reactions 
take place in liquid ammonia; this has been shown by Franklin 
and his co-workers, to whom both the reactions and the 
nomenclature are due.’**' 

Anhydrous liquid ammonia, which boils at —33*3°, re- 
sembles water in being itself a non-electrolyte, and a good 
solvent and ionizing medium. 

If potassamide is dissolved in liquid ammonia containing 
phenolphthalein, the colourless liquid turns red owing to 

♦y. Amer, Chem. Soc. (1905), 27 , 820-51. 
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the presence of alkali. The ammonobase KNHg has been 
ionized, and the alkalinity must be due to NHg ions. The 
colour of the indicator is discharged by the addition of acet- 
amide, CHg • CO * NH2, an ammonoacid, whose H ions unite 
with NHg ions to produce ammonia, which becomes part of 
the solvent, thus: 

K- + NHa' + CH, • CO • NH'+ H‘ = K* + CH3 • CO • N|I'+ NHg. 

Reactions of precipitation can also be carried out in\the same 
medium, e.g. 

AgNOs 4- KNHg = AgNHz + KNO 3 
Pbla + KNH 2 - PbNH + KI 4- HI 
2Hgl2 4- KNH., - HgaIN 4- KI 4- 2 HI \ 

3Hgl2 4- 2 KNH 2 = HgaN^ 4- 2KI + 4HI. 

Silver amide, AgNHg, and lead imide, PbNH, are new 
substances; the nitrogenous mercury compounds have been 
obtained in other ways (see p. 203 ). 



CHAPTER X 


GROUP VI 


Sub-group A 


Sub-group B 


8 O (16 00 ) 

16 S (32 06) 

24 Cr (52-0) 34 Se (79-2) 

42 Mo (96-0) 52 Te (127'5) 

74 W (184*0) 84 Po 

92 U (238*2) 


The sub-groups VI A and VI B respectively form families 
of closely related elements, in both of which the change of 
chemical character is from less to more basigenic. Whilst the 
members of sub-group B are acid-producing, signs of a basic 
character first appearing in tellurium, the elements of the A 
sub-group are base-producing or metallic, acidic characters 
being displayed only in compounds containing a large propor- 
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tion of a non-metallic element, such as the trioxides, MO 3 , 
which show acidic properties, diminishing in degree from 
chromium to uranium. 

As would be expected, from principles of the periodic law 
previously considered, the relationship between sub-groups A 
and B is somewhat remote; but the maintenance of the group 
type by the formation of a series of acidic trioxides clearly 
reveals a similarity that justifies the inclusion of all these 
elements in one group. As in the case of other groups, 
hydrides and volatile alkyl compounds are formed only by 
the members of the B sub-group. 

The maximum halogen valency of Group VI is six, the type 
being represented, however, only by MoFg, WFg, WCl^, and 
SF^. Other halogen valencies, 2 , 3 , 4 , and 5 , are all repre- 
sented. The oxygen valency is also six, and is represented by 
the highest normal oxides, MO3. 

The electronic structures assigned to some representative 
atoms of Group VI are as follows: 

O 2 I 2.4 I 

S 2 I 8 I 2.4 

Te 2 1 8 I 18 1 18 I 2.4 

Cr 2 I 8 1 2.2.4.5 | 1 

W 2 1 8 I 18 I 32 I 2.2.4.4 | 2 

U 2 1 8 1 18 I 32 1 18 1 2.2.4.6 1. 

In every case the exercise of the group valency requires the 
atom to contribute six electrons in its valency group. The 
transition elements in sub-group VI A achieve this by trans- 
ferring the necessary electrons from the next quantum group. 
The hexahalides are 6 -covalent, the inner quantum groups 
containing 2, 8 , 18 or 32 electrons, and the valency group, 
12 electrons, the additional 6 electrons being derived from 
the halogen atoms. Thus, for tungsten in WClg the structure 
is 2 , 8 . 18 . 32 . 8 . 6 ( 6 )^, the sign (^) signifying the number 
of electrons to be added. 

The addition of two electrons to the six already present 
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produces a stable octet, which exists when the element forms 
the characteristic acids, H2MO4, e.g., 



O 

O 


The non-existence of H4SO5 and HgSOg, indicates that 
sulphur cannot increase the octet to accommodate more 
oxygen atoms, although telluric acid, H2Te04, 2 H.Jp is most 
probably Te(OH)6. Hydrates, such as H2SO4, HgO and H2SO4, 
4H2O, arise in another way. \ 

In the highly oxidized compounds given by hydrogen 
peroxide the valency of the central atom is still presumably 
six, if the formulae for the perchromic acids given within arc 
accepted. It seems to be a general rule that the formation of 
per-acids and per-salts does not cause any change in the 
valency of the central atom. 

Oxygen is generally bivalent, since its 6 electrons become 
8 in combination. Nevertheless, in bivalent union, an oxygen 
atom possesses two lone pairs of electrons, to which other 
atoms may be co-ordinated. Hence, when acids dissolve in 
water, oxonium salts, analogous to ammonium and sulphonium 
salts, are believed to form, thus: 

[„:o>] -- [h:|h]*x. [,L]V 


Aqueous hydrogen chloride is thus [OHJ+Cl", oxonium 
chloride, and oxygen is 3 -covalent. The same tendency is 
evident in the formation of salts of ethers and ketones, in 
chelate compounds (q.v.), and in the Grignard compounds: 

^C2H5. 

The association of water or alcohols, and the existence ot 
double acetic acid molecules may have the same cause, thus: 
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H H H 

H— (!)-s-H— (!) . . CH,C^° 

\OH^O^ 

Oxygen in the 4-covalent state exists in basic beryllium acetate 
(q.v.). 

Oxygen thus appears to possess basic properties, and water 
itself is a base, being, on the Lowry-Bronsted definition, an 
acceptor of hydrogen ions, though in the majority of its 
combinations oxygen confers acidic properties, the higher 
oxides of an element, for example, being generally more 
acidic than the lower. 

Sulphur shows a co valency of two in H 2 S, but, unlike 
H 2 O, this compoimd does not appear to be associated. In 
the compounds listed below, the sulphur atom has a completed 
octet, the molecules containing co-ordinate links. 

Thionyl chloride, ChS-vO: Sulphoxides, 

r/ 

,0 R\ .0 

Sulphuryl chloride, C^Sf : Sulphones, ;S. 

Sulphinic esters, /S->0. 

RO/ 


These structures arise from parachor measurements (Sugden, 
1925, 1926), and from the notable fact that alkyl sulphoxides 
and sulphinic esters both form optically active isomers 
(Phillips, 1925, 1926). The necessary molecular asymmetry 
can only arise if these active compounds possess one co-ordinate 
bond, for the structure 


R,/ 


S-O 


would be planar and no activity is possible. The actual struc- 
ture is tetrahedral, the unused electron pair of the sulphur 

atom being towards the apex. 

(d170) 
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SUB-GROUP VI B 


Oxygen, sulphur, selenium, and tellurium all form binary 
compounds with metals from which acids liberate the hydrides 
HgX. The occurrence of these elements in nature in the form of 
such metallic compounds illustrates the analogy between them, 
for example: 


CU2O, Cu^S; HgO, HgS; Sb^Os, Sb^S,; PbS, Pbfie; 

HgSe -f* 4 Hgb: Ag2S, Ag2Te: Bi203, Bi2S3, Bi2lA68* 

A comparable mode of preparation of the elemenis is fur- 
nished by the decomposition of the hydrides either\by heat 
or, in the case of oxygen, by electrolysis. Other cori^parable 
methods for oxygen and sulphur are the heating of the higher 
oxides or sulphides, as, for example: 


2Ba02 -- 2 BaO + O2, FeSg ~ FeS + S; 


and the decomposition of similar compounds by acids, e.g.: 

2Mn02 + 2H2SO4 ~ 2MnS04 + 2H2O + O2 
K2S, + H2SO4 K2SO4 + H2S + 4 S. 

Selenium and tellurium result from the reduction of selenious 
and tellurious acids by sulphurous acid: 

H2Se(Te)03 + 2H2SO3 - 2H2SO4 + Se(Te) + HgO. 


Selenium, tellurium, and sulphur are liberated when their hy- 
drides or metallic compounds are decomposed by oxygen: 

2H2S + O2 - 2H2O + 2 S 
2K2Te 4 - 2H2O + O2 4 KOH -f 2 Te. 

All these elements show allotropy. 


Allotropy of Oxygen 

Besides ozone, allotropic forms of solid oxygen exist. 

Ozone is formed from oxygen with absorption of 34,500 
calories when disruption of O 2 molecules takes place under 
conditions favouring condensation to O 3 molecules. 

In the electrolysis of dilute H 2 SO 4 with a minute anode of 
platinum foil, the evolved oxygen may contain 23 per cent of 
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ozone;* and when a silent discharge is passed through oxygen at 
the temperature of liquid air, 99 per cent of the gas is con- 
verted into ozone The stability of ozone diminishes with rise 
of temperature, and at 300'’ it is completely reconverted into 
oxygen. Ozone differs from hydrogen peroxide, which other- 
wise, as an oxidizing agent, it much resembles, in not react- 
ing with chromic acid. It combines with certain unsaturated 
organic compounds, e.g. turpentine, to form ozonides. Ethy- 

/CH2. 

lene ozonide is O 3 . | 

^CH^. 


Physic \L Properties of Oxygen and Ozone 



M.P. 

B.P.(i atm.). 

Colour of 
Liquid 

Magnetic 

Properties 

Solubility in 

1 Vol. Water 
at o '. 

Oxygen, O2 
Ozone, Oa . . 

— 219° 
- 249 * 7 ® 

— 1825° 

— 119° 

Pale-blue. 

Indigo-blue. 

1 Strongly \ 

\ magnetic / 

0 0489 

0 01 


Allotropy of Sulphur 

Sulphur presents a complicated case of allotropy. 

Rhombic sulphur, Sa, crystallized from carbon disulphide 
solution by spontaneous evaporation, has a density at O'’ of 
2*06 and melts at 112 - 8 °; it is the most stable form of sulphur 
at atmospheric temperature, into which all the other forms 
pass on keeping. It is therefore the form in which sulphur 
occurs naturally. 

Monoclinic sulphur, S^, formed by the crystallization of 
the molten element near its melting-point, has a density of 
1-96, and melts at 119-25°; it passes into the rhombic form 
below 96°, which is the transition temperature of these two 
allotropic forms. The change, which is enantiotropic, is 
represented thus: 

96® 

Sa S/3 

• Fischer and Bendixsohn, Zeit. anarg. Chem,, 1909, 61, 13. 
xBriner and Durand, Comp. rend.» 1907, 145, 1272* 
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Two omer varieties of monoclinic sulphur exist, being known 
respectively as tabular sulphur^ formed by the superficial 
oxidation of an alcoholic solution of sodium polysulphide, and 
nacreous sulphur ^ formed by cooling in a freezing mixture a 
solution obtained by heating sulphur with benzene or other 
solvent in a sealed tube. 

It is well known that when sulphur is melted, knd then 
further heated, it changes from a yellow, mobile liquid to 
a dark red viscous liquid, and then, before boiling, to^ a liquid 
which is almost black, but again mobile. These phenomena 
are due to the existence of two forms of liquid sulphur\ known 
respectively as and S^, as well as to another form\* solid 
when isolated, known as S,r. The change of viscosity of 
molten sulphur as the temperature is raised is believed to be 
due to the formation of S,r from S^. Plastic sulphur, formed 
by suddenly cooling molten sulphur from near its boiling- 
point j consists of about 99 per cent and 1 per cent S^. 

Soon after it has been melted the solidifying point of sulphur 
is 119*25*^. This is the freezing-point of S^, or the melting- 
point of S/ 3 , into which molten sulphur first passes on solidi- 
fying. But when molten sulphur is kept for some hours at a 
temperature just above its melting-point its solidify! ng-point 
falls to 114-5°. This change is due to the transformation of 
some of the Sa into S,r. Both rhombic (Sa) and monoclinic 
(S/ 3 ) sulphur yield Sa when melted; the allotropic distinction 
between these two forms, which is confined to the solid state, 
may thus be regarded as less fundamental than that between 
them and Sa. 

S,r is producedf by heating sulphur at 170° and then cooling 
rapidly. The solid product is dissolved in carbon disulphide, 
and the solution cooled to —80°; Sa then crystallizes, leaving 
S,r in solution, and the latter is obtained, mixed with a little 
S/x, when the solution is evaporated in vacuo at the same 
temperature. 

• Vide Chem. Soc. Ann. Reports^ 1918. 
t Aten, Proc. K, Akad. Wetensch. Amsterdam (19x8), 20 , 824. 
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S^, formed in quantity from at 250-300°, yields on solidi- 
fication amorphous sulphur (plastic sulphur), insoluble in 
carbon disulphide, of which it is regarded as the liquid 
form. 

Another crystalline form of sulphur,* known as consisting 
of orange-yellow rhombohedra, which melt below 100°, and 
have a density of 2*135, is formed when hydrochloric acid at 
0° is added to a cold solution of sodium thiosulphate, and the 
mixture is shaken with tolucne.f 

Regarding the molecular condition of sulphur in these allo- 
tropic forms, S;, is believed to be Sg, and to be Sg, and 
Srr to be S4. Sulphur vapour is Sg near the boiling-point, 
but becomes Sg at 1000°. 

The three forms S;^ (S^ or S„y and S^ are distinguished 
by the colours they impart to solvents. Thus the solution 
of Sx in carbon disulphide is nearly colourless, that of S^ 
in toluene pale yellow, and that of in the same solvent 
deep yellow like a concentrated solution of potassium chromate; 
whilst a solution of S^ in pyridine is deep red. These colours 
are related to and may be the cause of those of the sulphides 
NagS, NagSg, Na2S4, and NagS^; indeed from NagS^ solution 
acid precipitates S^, which forms the deep red solution in 
pyridine. 

Amorphous sulphur. — ^Three forms of amorphous sul- 
phur appear to exist: (i) an amorphous form, soluble in carbon 
disulphide, but insoluble in water, produced together with 
some of form (ii) when an aqueous solution of hydrogen sul- 
phide is oxidized, or acid is added to a polysulphide. This 
may be the solid form of (precipitated sulphur, milk of 
sulphur). 

(ii) A form insoluble in carbon disulphide and water, having 
a density of T955, and known as S^. This form is produced 
in small quantity, mixed with the form soluble in carbon 
disulphide, when a polysulphide solution is acidified. It is 

• Engel, compt. rend. (1891), 112 , 866. 
t Aten, Zeitsch. phys. Chem. (1914). 88* 32 i* 
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present also in small amount in flowers of sulphur and plastic 
sulphur. 

(iii) A colloidal form soluble in carbon disulphide and water, 
and known as 85 , produced when hydrogen sulphide is passed 
through sulphurous acid solution at low temperature (Wacken- 
roder’s solution); and also when a saturated solution of sodium 
thiosulphate is decomposed by concentrated hydrochloric acid. 

Allotropic Forms of Sulphur 





Solu 

.ty in 

Form. 

Density. M.P. 

Mole- 

cule. 

CS,. 

Water. 

Sa, rhombic ; . . 

2o6 112*8 


Sol. 

Insol. 

, S/3, monoclini((. 

’ c 1 tabular, nacreoiis 

4 a 1 Sir . . . . ; . . 

S<f>, rhombohedr^l 

i-go 11925 

S 4 

Sol. 

Insol. 

2 135 below 100 ° 

s. 



Liquid 11^ :: :: ;; 


So 

s. 



4 2 ? ?S/JL, precipitated S 
c 0 ] Sv 


?s. 

Sol. 

Insol. 



Insol. 

Insol. 

•lalso 



Sol. 

Sol. 


Sulphur boils at 444 * 6 ° under 1 atm. pressure. 


Selenium 

Although not presenting the complexity of sulphur, selenium 
exists in various allotropic forms, which, according to Saunders, 
fall into three categories: (i) “ liquid selenium ”, including the 
amorphous, vitreous, and soluble or colloidal varieties; (ii) 
red, crystalline selenium, occurring in two different crystalline 
forms; (iii) metallic selenium. 

(i) Amorphous selenium is formed as a red powder when 
cold selenious acid solution is reduced chemically, e.g. by 
sulphur dioxide, or electrolytically, and also when selenium is 
sublimed in a sealed tube. Its density is 4*26, and it is slightly 
soluble in carbon disulphide, benzene, and other solvents. 

Vitreous selenium is obtained as a dark brown, brittle 
glass when fused selenium is rapidly cooled from above 217°. 
Its density is 4*28, and it is soluble in carbon disulphide. 
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Colloidal selenium is produced also by the reduction of 
selenious acid by sulphur dioxide or hydrazine, as well as by 
pouring a carbon disulphide solution of selenium into ether. 
It is a dark red powder which forms in water a red, fluorescent, 
colloidal solution from which amorphous selenium separates 
on standing or on the addition of an electrolyte. 

(ii) Red crystalline selenium is formed when amorphous 
selenium stands in contact with carbon disulphide, or by the 
spontaneous evaporation of a carbon disulphide solution of 
selenium. There are two monoclinic varieties of density 447, 
which appear to melt at 170-180°, but quickly pass into the 
metallic form. 

(iii) Metallic selenium is formed by melting selenium 
and keeping the liquid at 210° for some time. Thus trans- 
formation into the metallic form occurs, the mass crystallizes, 
and the temperature rises to 217°, the melting-point of the 
latter. Metallic selenium has a density of 4*80, and is insoluble 
in carbon disulphide; its electrical resistance decreases under 
the influence of light, a property employed for photometric 
purposes. 

Selenium boils at 680°; its vapour density diminishes with 
rise of temperature, and at 950° corresponds to Se 2 . Cryo- 
scopic methods indicate Se^ molecules. 


Tellurium 

Tellurium occurs in crystalline and amorphous forms. 

Crystallized tellurium, obtained by fusion, consists of 
silvery white rhombohedra, having a density of 6’27 and melting 
at 452°. 

Amorphous tellurium, obtained by reducing telluric acid 
solution by sulphurous acid or other reducing agent, has a 
density of 6*015, and when heated passes with heat evolution 
into the crystalline form. A colloidal form of tellurium is 
obtained by electrolj^ic reduction of a nitric-acid solution of 
the element. 
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Allotropic Forms of Selenium and Tellurium 


* 

Form. 

Colour 

Density. 

Melting- 

point. 

Solubility 
in CS*. 

Selenium 





( Amorphous 

Red 

4*26 

— 

Soluble 

\ Vitreous . . 

Dark brown 

4*28 

— 


1 Colloidal .. 

Red 

— 

— 


Crystalline (2 varie- ^ 
ties), monoclinic i 

Red 

4-47 

170°-180'’ 

1 ” 

Metallic, hexagonal 

Black 

4-80 

217“ 

Insoluble 

Tellurium 




i‘ 

Crystalline, rhom- 1 
bohedra . . . . i 

Silvery white 

6-27 

452“ 

\ 

Insoluble 

Amorphous . . 

Greyish black i 

6()15 

— 

» 


Hydrides 

The hydrides, XH 2 , all result from the direct union of the 
elements, decrease of non-metallic character from oxygen to 
tellurium being exhibited by diminishing stability of the 
hydrides. Hydrogen and sulphur combine directly at about 
400°, hydrogen and selenium at about 500°. 

The oxides, sulphides, selenides, and tellurides of many 
metals (particularly those which give hydrogen with dilute 
acid), which have been produced by the direct union of the 
elements, yield hydrides by the action of acids; thus: 

FeS(Se) + 2 HCI - FeCI., H^SCSe) 

Mg(Zn)Te + 2 HCI - Mg(Zn)Cl 2 + H^Te. 

With the exception of water these compounds are all gases at 
ordinary temperature; they can, however, be liquefied and 
solidified with moderate ease, as the following figures show: 

H,0 HaS HaSe HaTe 

Boiling-point at atm. press. —61*8° —42° —1*8° 

Melting-point .. .. 0° -86° -64° -67° 

The boiling- and melting-points rise considerably in passing 
from sulphur to tellurium. The behaviour of water is seen to 
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be anomalous; and is probably accounted for, as previously 
suggested, by polymerization. 

The variation of properties in a regular manner is shown in 
several ways. Thus, the heats of formation are: 

[H„ O] (liquid) + 684K; [H„ S] + 47K; [H„ Se] - 19K; 

[H„Tc]~35K. 

Parallel therewith, it is noticed that the ease of dissociation by 
heat increases with rise of molecular weight. Whilst water 
first dissociates at nearly 2000°, hydrogen sulphide is de- 
composed at 400-600°, and hydrogen selenide and telluride 
are resolved into their elements at lower temperatures (about 
150°) than those at which they are produced by direct union, 
so that when the elements are heated below their boiling- 
points in hydrogen sublimation occurs. 

Further, just as oxygen displaces sulphur from hydrogen 
sulphide, so sulphur displaces selenium from hydrogen selenide. 
And similarly, the reaction HgX + Clj -> 2HC1 + X occurs 
more readily with KgS than with HgO. 

The hydrides of sulphur, selenium, and tellurium 
display feebly acidic properties, and react with solutions of 
metallic salts, yielding sulphides, selenides, and tellurides re- 
spectively. The position of water in this respect appears at first 
sight to be anomalous. Water behaves as a neutral oxide, and is 
described as amphoteric. As the first of the series of hydrides, 
it would be expected from analogy to be the most basic or least 
acidic, and such is actually the case. In a comparison of the 
properties of the hydrides of the fifth group, it was found that 
whilst ammonia is basic, and phosphine practically neutral, 
acidic properties begin to appear with the hydrides of arsenic 
and antimony, inasmuch as an unstable arsenide and a more 
stable antimonide are formed when these gases react with 
silver-nitrate solution. Now in chemical properties water 
bears approximately the same relation to phosphine as sul- 
phuretted hydrogen does to arsine; in each case there is a 
slight diminution of basic properties in passing from the fifth 
to the sixth group It was further observed that the basic 
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properties of the hydrides of the fifth group are increased by 
substitution of alkyl groups for hydrogen. The same fact is 
observable in the sixth group, since methyl oxide combines 
with hydrogen chloride to form dimethyloxonium chloride, 
0(CH3)2HC1, previously mentioned, a derivative of the hy- 
pothetical oxonium radicle (OHg)*^; derivatives of hydrogen 
sulphide give rise to the sulphonium compounds, SR^X, whilst 
selenonium compounds are similarly derived from hydrogen 
selenide.'*' It will appear from these considerationslthat the 
neutral properties of water are to be expected from the peri- 
odic law; and even the condensibility of this compound, and 
the existence of complex molecules in the liquid sta^, find 
a parallel in the case of hydrogen fluoride in the seventh 
group. 

Hydrogen persulphides are present in the oil which sepa- 
rates when a solution of alkali polysulphide is poured into con- 
centrated hydrochloric acid at low temperature. H2S29 HgSg, 
and H2S5 have been isolated, and H2S6 is believed to exist. 

Halides 

These are of several types: 



F' 

cr 

Br' 

r 

X2R2 

f S2F2 

S2CI2 

S2Br2 

— 

' 1 

&e2Gl2 

Se2Br2 

— 

XRj 

) — 

SCI2 

— 

— 


TeCla 

TeBrj 

— 


1 SF. 

SCI4 

— 

— 

XR4 

SeF. 
i TeF. 

SeCl4 

SeBr4 

— 


TeCl 4 

TeBr 4 

Tel 4 


1 SF, 

— 

— 

— 

XR« 

, SeF, 

— 

— 

— 


( TeF. 

— 

— 

— 

Other types 

SjFio 

S3CI4 

— 

— 

The inclusion of the oxygen 

compounds 

of the halogens 


among the halides of Group Vl-is not warranted, for whilst 
the typical halides of this group are halanhydrides correspond- 
ing with certain oxyacids, the oxygen compounds ClgO, CIO2, 

* See also lodonium compounds, p. 445. 
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and I2O5 are anhydrides of the halogen oxyacids, and arc 
therefore dealt with under Group VII. 

The Group VI halides result in general from direct union of 
the elements, the type of halide produced depending on the 
relative proportions of the reacting substances and the con- 
ditions of the experiment. Sulphur monochloride, for in- 
stance, is stable, and can be distilled; the dichloride exists 
and gives double compounds, e.g. AsClg • SCljs. By the 
further action of chlorine on the monochloride at —22® the 
unstable tetrachloride results, SCI4 or [SCIJCI (Lowry, 
1929 ). Sulphur hexafluoride, SF^, formed by the com- 
bination of its elements, is a colourless stable gas. It is note- 
worthy that SFg is unknown and SF^ doubtful; thus the 
tendency of fluorine to form polyfluorides is again emphasized. 
SeF4 has, however, been obtained.* Selenium first yields 
a monochloride, Se2Cl2, by the action of chlorine; it gives 
no dichloride, but its tetrachloride can be distilled. Tellu- 
rium forms the dichloride and stable tetrachloride, and 
the only definite iodide, Tel4, the type M2X2 not being repre- 
sented by the halides of this element. 

The type XR^ represents the halanhydrides of the ortho- 
acids X(0H)4, corresponding with the dioxides; these, however, 
do not exist, and the halides of this type when decomposed by 
water yield the OX(OH)a acids, derived from the X(OH)4 type 
by dehydration; for instance, 

TeCh + SHaO = HaTeOa + 4HC1. 

The tetrachlorides of selenium and tellurium, however, first 
yield the oxychlorides, SeOClg and TeOClg, which are finally 
decomposed, giving the oxyacids. 

There are no oxyacids corresponding with any type of 
halide lower than XR4. The lower halides are, however, 
decomposed by water, with the formation of oxyacids of the 
type 0X(0H)2 separation of the elements; for example, 

2SaCla + 3HaO - 3S + H 2 SO 3 + 4HC1. 

• Prideaux and Cox, J. Cherti. Soc. (1927), 928. 
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The Oxides 

Oxides of a number of types are known: 


XO 

so 

SeO(?) 

TeO 

X *03 

SjOa 

(SeS03TeS03, 

TeSe03) 

X03 

so. 

SeOa 

TeOa 

XO, 

S03 

SeO 3 

TeOa 

X30, 

S207 

— 

— 

X04 

S04 

— 

— 


Of these the type XO is unimportant, the existence of SeO 
being doubtful, and TeO giving rise to no salts. Tne acidic 
oxides XO2 and XO3, in the latter of which the niaximum 
oxygen valency is displayed, are the most characteristic, and 
correspond with the oxyacids 0X(0H)2 and 02X(0H)2, the 
more completely hydroxylated types X(0H)4, 0X(0H)4, and 
X(OH)g being known only in Te( 0 H )6 and certain basic 
sulphates, e.g. 0S(02Pb)2 and S(02Hg*‘)3. Tellurium dioxide 
has also feebly basic properties, yielding unstable salts such 
as Te(S04)2; is in harmony with the position of tellurium 
in the group. 

Oxides of the type X2O3 will be dealt with later. 

Oxides XO2 and Derived Acids 

The oxides XOg, known for each element, result from the 
direct union of the elements with oxygen. While sulphur 
dioxide is a gas easily condensible to a liquid, boiling at —8°, 
selenium dioxide is a crystalline solid subliming at about 300 °, 
and tellurium dioxide also a solid easily melting to a yellowish 
liquid, which boils without decomposition. 

It will be remembered in the case of the fifth group that 
phosphorus forms phosphoric oxide, and arsenic arsenious 
oxide, on combustion. The analogous elements of the sixth 
group unite spontaneously with a less atomic proportion of 
oxygen than phosphorus, being rather analogous to arsenic 
in power of oxidation; and those of the seventh group are 
non-combustible, though, indeed, all form oxides. Sulphur 
approximates to phosphorus in forming a little of the higher 
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oxide by direct combustion. When selenium and tellurium 
are warmed with nitric acid they yield selenious and tellurious 
acids, H2Se03 and HgTeOg, respectively, each of which exists 
in the solid state. Associated with this physical property of 
the acids is that of easy dehydration, for these two acids 
readily yield their anhydrides; Te02, indeed, separates from 
the nitric-acid solution of the element. 

This tendency towards dehydration is manifested by acids 
derived from metalloids or weak metals, whose oxides are 
feeble anhydrides. Sometimes poly-acids or their salts exist, 
representing intermediate products of dehydration, as in the 
case of chromic, molybdic, and tungstic acids. Oxides of non- 
metals which are powerful anhydrides, e.g. NgOg, PaOg, SO3, 
combine with, and retain, water with avidity, and the acids 
are generally liquids or solids of low melting-point. 

The dioxides, XOg, may also be obtained by reduction of 
the XO3 oxides or the corresponding H2XO4 acids; as, for 
example, in the well-known method of preparation of sulphur 
dioxide from sulphuric acid by warming the concentrated acid 
with metals (such as Cu, Ag, llg, Zn), or with carbon or 
sulphur. In these reactions the sulphate ion may be regarded 
as acting as an oxidizing agent; thus: 

Cu + SO 4 — = Cu++ + SOa^- + O'- 
O - -f 2 H+ - HaO 
SO 3 — + 2 H+ - lUO + SO 2 
adding: Cu + SO 4 — + 4H+ - ”Cu+ ^ + 2 Hio + 801. 

Here copper is oxidized from the metallic to the cupric state. 
Secondary reactions occur by which CuS and finally Cu^S are 
formed {vide p. 143 ). 

C + 4H+ + 2 SO 4 " - CO 2 f 2 SO 2 + 2HaO. 

S + 4H+ + 2S04' ' - 3 SO 2 + 2 H 2 O. 

Similarly, concentrated sulphuric acid oxidizes hydriodic acid, 
and less readily also hydrobromic acid: 

21" -f 4H+ + 2S04 “ = I 2 + SOa 4- 2HaO. 
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Loss of oxygen may occur even by simple heating; thus SO3 
and TeOg are both decomposed into the dioxides and oxygen 
when heated strongly, whilst SeOs is similarly decomposed 
when heated to 120®. 

The acids, HgXOg, corresponding with the XO2 oxides, re- 
present the first and only meta-derivatives of the hypothetical 
type, X(0H)4; they are sulphurous, selenious, Bind tellu- 
rious acids. Sulphur and selenium dioxides both dissolve in 
water, yielding the acids, but tellurium dioxide is only very 
slightly soluble in water and alkalis, and its aqueou^ solution 
does not redden blue litmus. Whilst selenious and ipllurious 
acids can both be isolated in the pure state, sulphurous acid 
belongs to the category of easily decomposable acids (such as 
carbonic, silicic, nitrous), readily giving sulphur dioxide when 
the aqueous solution is heated, although solid crystallohydrates 
separate from saturated aqueous solutions at low temperatures. 
The instability of sulphurous acid may be attributed partly to 
the gaseous nature of sulphur dioxide, but is also due to its 
feebly anhydride character. 

It is remarkable that while sulphurous acid acts as a re- 
ducing agent, selenious acid is itself easily reduced, for example 
by sulphur dioxide or organic matter. Sulphurous acid is, 
however, reduced by a powerful reducing agent such as 
phosphorous acid, sulphur being precipitated. The affinity of 
selenium for oxygen appears to be less than the affinities of 
its allied elements, as is further shown by the readiness with 
which SeOg decomposes into the dioxide and oxygen. 

These acids are dibasic, giving rise to normal salts, such as 
in the case of sulphur, NagSOg, KgSOg, CaSOg, and to acid 
salts, such as the hydrogen sulphites, NaHSOg and KHSO3, 
and the pyro- or disulphites Na2S205 and KgSgOg. 

Pyroselenites and pyrotellurites analogous to pyrosulphites 
are unknown. 

The hydrogen sulphites are precipitated by alcohol from 
cold sulphite solutions which have been saturated with sulphur 
dioxide; the pyrosulphites are obtained by evaporating the 



GROUP VI 


373 

hydrogen-sulphite solutions, or in the case of the sodium salt 
by the interaction of solid NagCOa, HgO and sulphur dioxide 
gas. 

The oxychloride, SOClg, thionyl chloride, a colourless 
liquid boiling at 78°, which may be obtained by the action of 
phosphorus pentachloride on sodium sulphite, 

Na^SOs + 2PC16 - 2NaCl SOCla ^ 2POC18, 
or by the reaction 

SO 2 I PCI 5 - SOCI 2 4 POCI 3 , 

corresponds with HgSOg, into which it is converted by water, 
and of which, therefore, it is the chloride: 

SOCI 2 4 2li^O = HjSOa + 2HC1. 

With alcohol it yields, similarly, the ethyl ester (02115)2303. 

Constitution of HaXOa Acids 

In considering the structure of sulphurous acid and its salts 
two possibilities are presented; the acid may be formulated: 

: o : : o : 

H:ors:o:H or Hfs:b:H 

•• X X •• X X •• 

: 0 : 

symmetrical unsymmetrical 

sulphurous acid sulphurous acid. 

the metallic salts possessing corresponding constitutions; just 
as with phosphorous acid there are the two possible structures: 

/OH /OH 

P^OH and OP^OH. 

\OH \h 

It may be pointed out that such dual structures of hydroxy- 
compounds are theoretically possible in all cases where the 
nuclear atom is incompletely oxidized; and it is to be supposed 
that the stability of the unsymmetrical form will depend on 
the oxidizability of this atom. 
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Now the structure of thionyl chloride must almost cer- 
tainly be formed by 

interaction of thionyl chloride and alcohol, is therefore 

< OC H 

25; thus it is symmetrical ethyl sulphite, and 
Ut-/2H5 

is a liquid boiling at 161°. Similarly, aqueous ^Iphurous 
acid, which may be obtained by causing thionyl chloride to 
react with water, must possess, at least at the moment of its 
formation, the formula 


0<-S 


/OH 

\oh‘ 


Ethyl sulphite, when treated with sodium hydroxide, is 
hydrolyzed, yielding sodium sulphite and alcohol; and when 
sodium sulphite is digested with ethyl iodide, a product is 
obtained according to the reaction 

NajSOa + 2 C 2 H 6 I - (CaHslaSOa + 2NaI, 


which, however, is not identical with the ethyl sulphite de- 
scribed above, since it boils at 213°. Moreover, when hydro- 
lyzed, this product yields sodium ethylsulphonate, NaCgHgSOg, 
a salt of ethylsulphonic acid. And since ethylsulphonic acid 
results from the oxidation of mercaptan, CgH^SH, in which 
ethyl is undoubtedly attached to sulphur, it follows that the 
above isomer, boiling at 213°, is ethyl ethylsulphonate: 

O ^^/OCaHs 
\C2H5 

and is derived from unsymmetrical sulphurous acid: 



Sodium sulphite, which gives rise to this derivative, might 
therefore be represented thus: 

0\e/0Na 
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this unsymmetrical formula suggests the existence of two 
isomeric sodium potassium sulphites, 

These, however, have not been prepared, and, according to 
modern views of molecular structure, should not exist. 

For it is now generally believed that salts are ionized in 
their formation, and exist in the solid state as ions held to- 
gether by electrostatic attraction. Thus the SO3" ion is alwayi 
the same; 



:0:S:0:J 


and it is only when radicles such as C2H5 are attached in 
different ways to SO3 to form non-ionized molecules that 
isomerism can occur. 

These considerations, however, leave the constitution of 
non-ionized sulphurous acid itself unsettled; so that the acid 
may be an equilibrium mixture, 

_ yOH O^yOH 


This state disappears in the course of salt formation. 

Selenious and tellurious acids do not present phenomena 
analogous to those described above in the case of sulphurous 
acid. 


Ethyl selenite, obtained both by the 

/Cl 

action of sodium ethoxide on selenosyl chloride, 0-^Se<^^j, 


and of ethyl iodide on silver selenite. Selenious acid appears, 
therefore, to yield symmetrical derivatives even from its 
inorganic salts, and the same is probably true of tellurious acid; 
this difference may be attributed to the inferior oxidizability of 
selenium and tellurium as compared with sulphur. 
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Oxides XOa and Derived Acids 

Sulphur trioxide, SO3, is formed by the union of sulphur 
dioxide with ozone, or with oxygen in presence of a catalyst. 
Platinized asbestos is the catalyst usually employed, but oxides 
of iron (burnt pyrites), copper, chromium, and vanadium have 
been employed. The optimum temperature for tl^ reaction 
with a platinum catalyst is 400-450° C.; and with a gaseous 
mixture of 7 per cent of SOg, 10*4 per cent of oxygen, and 
82-6 per cent of nitrogen, obtained by burning pyrites in air, 
more than 90 per cent of the SOg can be converted into SO3. 
It has been found that the platinum is “ poisoned **,^0 as to 
become inactive, by impurities in the gases, especially by 
arsenious oxide and dust, which must be carefully removed. 
The sulphur trioxide so produced cannot be absorbed in water, 
with which it produces an uncondensible fog of sulphuric acid 
droplets. On the large scale, therefore, it is absorbed in the 
concentrated acid forming fuming sulphuric acid, or oleum. 

Sulphur trioxide exists in two forms; a-SOg is a liquid 
boiling at 46°, and forming crystals which melt at 14-8°; on 
standing, this form passes into consisting of silky 

needles, which at 50° revert to the a-form. The a-form con- 
sists of SOg molecules, the j3-form of SgOg molecules. Accord- 
ing to Smits (1926), there are three forms; the a-SOg above, 
and two others melting at 62*2° and 32*5°, respectively. Sul- 
phur trioxide fumes in moist air. 

Selenium trioxide, SeOg, is said to be formed, mixed 
with SeOg, when dry oxygen reacts with selenium under the 
influence of a high frequency discharge (Rheinboldt, 1930). 
It is a white hygroscopic powder. 

Tellerium trioxide, TeOg, formed as a dark-yellow 
powder by heating telluric acid, decomposes thus when heated: 

2 Te 03 - 2X60* + Og. 

The acids H 2 XO 4 are represented by sulphuric, selenic, and 
telluric acids. Of the anhydrides, SO3 and TeOg, SO3 alone 
unites directly with water, TeOg being unaltered by it (cf.TeOg). 
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Each of the acids of this type is produced by the oxidation 
either of the element or of the lower acid; as, for instance, in 
the case of sulphurous acid by the catalytic action of the lower 
oxides of nitrogen in the sulphuric-acid chamber process. 

Sulphur and selenium are oxidized by chlorine in the 
presence of water, thus: 

S(Se) + 3C1, + 4H,0 - H,S(Se )04 + 6HC1, 

and potassium tellurate results from the action of chlorine on 
the tellurite in alkaline solution, 

KaTeO, + 2KOH + Cl. *= KaTeOa + 2 KCI + H,0, 

free telluric acid being obtained from the potassium salt by 
conversion, by means of barium chloride, into the sparingly 
soluble barium tellurate, which is then decomposed by the 
requisite amount of sulphuric acid. Each of these acids may 
be obtained in the pure state. 

Sulphuric acid melts at 10*5°; selenic acid at 58 *, tel- 
luiic acid does not melt. 

Sulphuric and selenic acids readify unite with water, form- 
ing crystallohydrates; telluric acid forms the crystalline 
compound, H 2 Te 04 , 2 H 2 O, which appears to be a hexabasic 
acid, HeTeOg, since it forms not only salts of this type, but 
also the ester Te(OCH 3 )Q, 

The three acids differ in important respects, and their 
differences serve further to illustrate the periodic variation of 
properties. Thus sulphuric acid of 98*3 per cent H 2 SO 4 
distils at 330°, and only breaks up into sulphur dioxide, 
water, and oxygen at a red heat; but selenic acid begins to 
decompose into selenium dioxide, oxygen, and water at 
about 280°, and telluric acid at a low red heat easily gives the 
anhydride, and then the dioxide and oxygen. 

Owing to the greater ease with which they lose oxygen, 
selenic and telluric acids are more powerful oxidizing agents 
than sulphuric acid. For example, sulphuric acid does not 
act upon hydrochloric acid, but selenic and telluric acids both 



378 INORGANIC CHEMISTRY 

yield, with strong hydrochloric acid, the lower acids and 
chlorine; thus: 

HaSe(Te )04 + 2HC1 = H8Se(Te)08 + Cl^ + H^O. 

Thus BaSe04 differs from BaSO^ by dissolving in strong 
hydrochloric acid. As dibasic acids, each of these acids gives 
rise to both normal and acid salts of the types M’^X04 and 
M’HX04. On careful heating, the acid or hydrogen sul- 
phates of the alkali metals produce pyrosulphates ^y loss of 
water; e.g.: 

2KHSO4 = K2S2O7 + HgO. 

Telluric acid further forms acid salts, such as K2TeO^, Te03, 
4H2O, and K2Te04, STeOg, 4H2O, a behaviour recalling that 
of chromic acid in producing the di- and trichromates. 
Tellurium shows a further resemblance to the members of 
Group VI A by forming complex phospho- and arsenitelluric 
acids. 

Selenates are isomorphous with sulphates, and form alums, 
but tellurates are more closely allied to chromates, with which 
they are sometimes isomorphous. 

Without doubt, selenates resemble sulphates in structure, 
both acids being of comparable strength. Telluric acid, 
however, is a very weak acid, and most probably is HgTeOg, 
from which by careful dehydration allotelluric acid, possibly 
(H2Te04)„ may be obtained. Both forms may exist in solution. 
No isomerism analogous to that of ethyl sulphite and ethyl 
ethylsulphonate is known, so that in the alkyl sulphates there 
is no reason to suppose that either of the alkyl groups is not 
attached to oxygen. 

Pyro- or disulphuric acid, which separates from oleum, 
Nordhausen, or fuming sulphuric acid in crystals melting at 
35 °, is formulated thus: 


OH "OH 
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Each of the above acids further corresponds with an oxy- 
chloride, XO 2 CI 2 , sulphur also forming the half-oxychloride, 

nci Cl 

Cl ^ 2 ^ 

S 02 "^ QTT» chlorosulphonic acid, and ^O, disulphuryl 

o,s..ci 

chloride, corresponding with disulphuric acid. 

Chlorosulphonic acid is prepared by the direct union of 
sulphuric anhydride and dry hydrogen chloride, or by the 
action of phosphorus oxychloride on sulphuric acid, 

2S02(0H)2 + POCl, - - 2SOjs + HPOa + HCl. 

It is a colourless liquid boiling at 152^, and easily decomposed 
by water, giving sulphuric and hydrochloric acids; with strong 
sulphuric acid, disulphuric and hydrochloric acids are formed, 

SOii<gf* + SOj(OH)a = \o + HQ, 

SO,\oH 

and when heated alone at 180® it is resolved into sulphuryl 
chloride and sulphuric acid, 

2SOa:;gH ^ SOa-,[5]fSO<g}J. 

Sulphuryl chloride, SOgClg, is also prepared, however, by 
the direct union of sulphur dioxide and chlorine, a reaction 
which occurs slowly in strong light, but which is readily brought 
about by allowing the gases to come into contact with cam- 
phor, the role of this substance in the reaction being unknown. 
It is a colourless liquid boiling at 69®, and like chlorosulphonic 
acid is converted by water into sulphuric and hydrochloric 
acids; it is thus the true chloride of sulphuric acid. 
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Other Oxyacids of Sulphur 

In addition to the characteristic types of sulphurous and 
sulphuric, sulphur gives rise to a considerable number of other 
cxyaeids, which are here enumerated: 

Sulphoxylic acid, HsSOt, 

Hyposulphurous acid, HaSaOi, 

Thiosulphuric acid, HaS|Os, 

Dithionic (hy^osulphuric) acid, HjSaOa, 

Trithionic acid, HaSaOe, 

Tetrathionic acid, 112840#, 

Pentathionic acid, HaSgOe, 

[Hexathionic acid, HaSeO#].* ^ 

Corresponding with thiosulphuric acid there is als^ seleno- 
sulphuric acid, H2SeS03, and with trithionic acid,' seleno- 
trithionic acid, HgSeSgOg. 

Persulphuric acid (perdisulphuric acid), H2S20g, and per- 
monosulphuric acid or “ Caro’s acid ”, H2SO5, along with the 
anhydride S2O7, belong to the class of “ per ” compounds, and 
will be dealt with in a separate section. 

Hyposulphurous acid. — The zinc salt of this acid is pro- 
duced when sulphurous-acid solution is treated with zinc, 
the metal dissolving witliout evolution of hydrogen. When 
sodium-hydrogen-sulphite solution is used, sodium hypo- 
sulphitef results, and may be obtained crystalline, Na2S204, 
2H2O. Free hyposulphurous acid has never been obtained 
in the pure state. The hyposulphites are powerful reducing 
agents, bleaching organic matter and precipitating silver and 
mercury and cuprous hydride from the corresponding salt 
solutions. On account of the former action they receive com- 
mercial application. They readily absorb oxygen, yielding 
sulphites and sulphates. 

The formula H2SO2 was attributed to hyposulphurous acid 
by the discoverer, Schiitzenberger. This would correspond 
with an anhydride, SO, whilst H2S2O4 corresponds with 
S2O3. The formula H2S2O4 was proved by Bernthsen thus: 

Ammoniacal copper sulphate oxidizes hyposulphite to sul- 

* PottBtium hexathionate exists, vide Partington and Tipler, 7 . Chem, Soc, (iQag), 
1383* t Sometimes called hydrosulphite. 
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phitc, iodine oxidizes it to sulphate. It was found that for every 
two atoms of sulphur as hyposulphite, one atom of oxygen is 
required to oxidize to sulphite, and three to sulphate; thus: 

S2O3 + 0 2SO2 
SaOa 4- 30 - 2SO3. 

Therefore hyposulphite corresponds with the anhydride S 3 O 3 
rather than with SO. 

The constitution of hyposulphurous acid may be expressed 
thus, only necessary electrons being shown: 


0 


H:S:o 

H:s:0 

H:*S:0 or 

b 

0 

H:S:0 


b 


Since dithionic acid, in which two sulphur atoms are joined 
together, is not formed by its oxidation, the second formula 
is preferable, and represents it as a mixed anhydride of sul- 
phoxylic and sulphurous acids. This accords with the reaction 
of formaldehyde on the sodium salt: 


/S02Na 

O 1- 2HCHO 1- H 2 O - 

\SONa 


SONa 

O -I- 

XCIIgOH 


sodium 

formaldehyde 

sulphoxylatc. 


/SOgNa 

o 

\CH,OH. 


sodium 

formaldehyde 

bisulphite. 


Sodium formaldehyde-sulphoxylate (M.P, 63°) is stable at 
ordinary temperature, but exhibits strong reducing properties 
at steam heat. 

Sulphoxylic acid, HgSOg, is not known free, but the zinc 
salt is formed when zinc dust acts on sulphuryl chloride in 
ether solution. 

S0*Cl2 -f 2Zn - ZnClg + ZnSOa, 

The soluble stable sodium salt is known. 

Sulphur monoxide, SO, is prepared by the action of an 
electric discharge on a mixture of sulphur dioxide and sulphur 



3^2 


INORGANIC CHEMISTRY 


vapour at low pressure. It is also formed when sulphur burns 
at low pressure, and when thionyl chloride, SOClg, is heated 
with silver or magnesium. 

It is a gas at room temperature, stable to dry oxygen, but 
reacts with water and alkali to give sulphide, sulphite, and 
sulphur (P. W. Schenk, 1935). No polythionates are formed, 
contrary to the assumption that it was an intermediate com- 
pound in the reaction between HgS and SO2 in Wackenroder^s 
solution (q.v.). It reacts with metals to form sulphides, and 
decomposes at high temperature to give sulphur didxide and 
sulphur. \ 

Sulphur sesquioxide, S2O3, is obtained as a blue-green 
crystalline mass by the direct union of sulphur and Sulphur 
trioxide. The beautiful indigo-blue colour formed when Nord- 
hausen acid is poured on flowers of sulphur is due to this 
oxide. The sesquioxide does not give hyposulphurous acid 
with water, but decomposes,’"' producing sulphur, trithionic and 
pentathionic acids, H2S3O3 and KgSgOc respectively. Sul- 
phoxylic acid, H2SO2, is also probably present. On the analogy 
of the thermal decomposition of tellurium sulphoxide, TeSOg, 
whereby TeO is formed: 

TeSOs = TeO -f SO 2 , 

it might be expected that S2O3 would in similar fashion yield 
SO. Schenk (1933) found no evidence of SO, but obtained 
an orange solid, probably S2O2. 

Thiosulphuric acid, H2S20g, still commonly called hypo- 
sulphurous acid, is not known in the pure state, although 
dilute solutions are formed by the action of flowers of sulphur 
on sulphurous acid at about 80°. The salts, however, are more 
stable. They are produced by the action of sulphur on the 
sulphites, thus: 

Na2S03 ”f" S — Nfl2S203. 

Selenium similarly dissolves in NagSOg, forming NagSeSOg. 

The formation of thiosulphate on a large scale, by leading 

•Vogel and Partington, J, Chem, Soc» Tram, (1925), 127 , 1521. 
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sulphur dioxide into alkali or alkaline-earth sulphide solutions, 
depends on the same reaction, as the following equations 
show: 

(a) Na^S + H2SO3 - NajSOs 4* HjS, 

(b) 2 H 2 S + SO 2 - 2 H 2 O + 3S, 

(c) NagSOs + S - Na^S^Oa. 

When iodine acts on a mixture of alkali sulphite and sulphide, 
a thiosulphate results: 

Na^SOa NaaS + I 2 =- Na^SaOs -f 2NaI, 

and sodium thiosulphate is reduced by sodium amalgam, so 
that sulphite and sulphide are reproduced, 

Na^S^Oa + 2 Na - NagSOa + Na^S. 

Sodium thiosulphate, Na 2 S 203 , 5 H 20 , is used for “fixing” 
photographic negatives and prints on account of the reaction: 

AgBr -f Na 2 S 203 — NaAgSoOa -h NaBr, 

and as an “ antichlor ” in bleaching because it reacts with 
chlorine or hypochlorite thus: 

NagSjOa -j- 4HOC1 + H 2 O - Na2S04 H 2 SO 4 4 4HC1. 

It is noteworthy that the reaction of thiosulphate with iodine 
differs entirely from that with chlorine in presence of water; 
this is probably due to the fact that the latter reaction is really 
one of oxidation by hypochlorous acid, as the equation shows. 

If sodium ethyl sulphide is substituted for sodium sulphide 
in the above reaction with iodine, sodium ethyl thiosulphate 
(Bunte’s salt) results, thus: 

NagSOa + NaCaHfiS 4 - I 2 - NaCaKgSaGa 2NaI. 

The same salt is formed when ethyl iodide reacts with sodium 
thiosulphate: 

NaaSgOa 4- CgHgl -= + Nal. 

There is no doubt that the thiosulphates must be considered 
as sulphates in which one atom of oxygen has been replaced 
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by one atom of sulphur, the addition of sulphur to a sulphite 
ion resembling the addition of oxygen, 

[°xa’ - ^ = [sxa' 

Thiosulphuric acid readily parts with sulphur, forming sul- 
phurous acid, as is shown by the separation of tl^is element 
from an acidified solution of a thiosulphate thus: j 



and the relationship of the acid to sulphuric acid is illustrated 
by the hydrolysis by water of such salts as the thiosulphates 
of silver and cobalt according to reaction (ii) below. 

Two characteristic reactions of thiosulphate arc: (i) con- 
densation to tetrathionate, as with iodine thus: 

2NaaS203 + I2 - 2 NaI -f 

and (ii) hydrolysis to sulphide and sulphuric acid, as with 
silver thiosulphate, thus: 

+ HOH - SOj(OH)s + AgS. 

In the light of these reactions the behaviour of ferric chloride 
and of copper sulphate with sodium thiosulphate is interesting. 

Thus when ferric chloride solution is added drop by drop 
to sodium thiosulphate there is first a purple colour, due to 
a complex ferric thiosulphate, and then the solution becomes 
colourless as the ferric iron is reduced to the ferrous condition, 
and the thiosulphate is oxidized to tetrathionate, thus: 

Fe-+-H- 4 - 2SaOr^ [Fe(SaOa)2r 
[Fe(Sa08)2]- + Fe+++ - 2Fe-H- -f S,OZ 

The condensation to tetrathionate by means of iodine is 
effected by the oxidizing action of the iodine atoms, which 
are reduced to iodide ions. With chlorine, which produces 
hypochlorous acid, thiosulphate is oxidized to sulphate and 
sulphuric acid. When copper sulphate solution is added 



GROUP VI 


3B5 

drop by drop to sodium thiosulphate there is first a discharge 
of the blue colour owing to reduction to the cuprous statei 
followed by a precipitation of cuprous sulphide when the 
solution is boiled. The following reactions occur: 

2 Na 2 Sa 08 + 2 CUSO 4 ^ Na2S40e -f Na,S04 + CujSOi 
CuaS 04 + 2Na2S203 NaalCuaCSaOs)^] + NaaS04 
CU2S2O3 + H2O — CuaS 4 - HaS04. 

Thus the reactions with copper sulphate combine those of 
condensation and hydrolysis of thiosulphate. 

Thionic Acids 

Both sulphurous and thiosulphiiric acids contain the group 
SO2 • OH, which is characteristic of sulphonic acids, such as 
benzene sulphonic acid, CgHg • SO., • OH. The relationship to 
sulphuric acid is made clear by the formulae: 

HOSO 2 OH HSOa-OH HS-SOa-OH. 

sulphuric sulphurous thiosulphuric 

Similarly, the thionic acids may be regarded as sulphonic 
acids obtained either by direct union of sulphonic groups or 
their linkage through a sulphur atom or atoms. Their struc- 
tures are indicated by the following formulae: 

SOa-OH ^SOa-OH S SOg-OH ^^S-SOa-OH 
so, -OH ^\sO,-OH S-SO,-OH \S-SO,-OH. 

dithionic trithionic tetrathionic pentathionic 

The oxygen analogues of tri- and tetrathionic acids are: 

,SO,-OH 0-S0,0H 

0/ and I 

NsOj-OH O-SOa-OH, 

disulphuric pcrsulphuric 

and just as sulphuric, disulphuric, and persulphuric acids may 
be regarded as derived from water and hydrogen peroxide by 
the replacement of hydrogen by the sulphonic group, so the 
thionic acids may be viewed similarly as derivatives of sul- 
phuretted hydrogen and the persulphides of hydrogen. 
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Dithionic acid bears the same relationship to sulphuric 
acid as oxalic bears to carbonic acid: 

HO • SOa - OH HO • CO • OH 

sulphuric carbonic 

SOa-OH CO -OH 
io,-OH CO OH. 

dithionic oxalic 

It is formed by the partial oxidation of sulphurous acid, com- 
plete oxidation resulting in the formation of sulphuric acid, 
thus: \ 

2 HaS 03 + O - HaSaOa + HaO \ 

H2SO3 4 - O - H2SO4. 

When ferric hydroxide reacts with sulphur dioxide in presence 
of water, ferric sulphite, which is first formed, undergoes self- 
oxidation and reduction to ferrous dithionate and sulphite, 
thus: 

2Fe(OH)3 -f 3SOa Fe2(SOa)3 + 

— ^ FeSaOg + FeSOa + SHgO; 

but dithionate is usually prepared by passing sulphur dioxide 
through water in which manganese dioxide is suspended. 
The reactions are similar to those with ferric hydroxide, 
manganic sulphite being first produced, and then yielding 
manganous dithionate and sulphite thus: 

2Mn02 + 4SOa + HaO - Mn 2 (S 03)3 + HaS 04 
Mn 2 (S 03)3 — MnSaOe + MnSOs. 

From the manganous salt the barium salt BaSgOg, 2H2O can 
be obtained by the addition of baryta solution, and thence 
the free acid is prepared in solution by decomposing the barium 
salt with sulphuric acid. On concentrating the solution, how- 
ever, the acid decomposes thus: 

HaSaOe - HaS04 + SO2. 

Dithionate is formed by anodic oxidation during electrolysis of 
a neutral or alkaline solution of sodium sulphite thus: 

2503“ = SaOe" -h 2 E; 
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and is reduced in aqueous solution by sodium amalgam^ 
sulphite being regenerated: 

Na^SaOe f 2Na 2Na2S03. 


Trithionic acid, HgSgOg. Potassium trithionate is formed 
when sulphur dioxide reacts with a solution of potassium 
thiosulphate: 

2K2S2O3 4- 3SO2 = 2K2S80a 4 S. 


The free acid is unstable. 

Trithionate may also be obtained by the action of sulphur 
dichloride on a sulphite, thus: 


Na-SOg-ONa 

CI2S 

Na-SO^-ONa 


2NaCl + Ktol-oZ, 


and by heating sodium silver thiosulphate with water: 


AgS^ 

AgS\ 


SO 


^ONa 


S02s^ 


ONa 


Ag2S 4- S\ 


SO, 

so. 


.ONa 

\ONa. 


Tetrathionic acid. — Sodium tetrathionate is formed in the 
well-known reaction between sodium thiosulphate and iodine* 


SO2 

SO. 


ONa 

NSNa 

/SNa 

vONa 


+ ^2 


4- 2NaI. 

SOgxoNa 


Ferric chloride reacts in an analogous way with thiosulphate: 
2Fea3 4- 2Na2S*08 = 2FeCla 4- 2NaCl 4- NaaS 40 ,. 

The reaction is reversed by sodium amalgam, thiosulphate 
being regenerated. 

Tetrathionic acid may be obtained in solution by decom- 
posing its barium salt with dilute sulphuric acid. The acid 
is fairly stable, in solution, but on concentration decomposes 
thus: 


HAOe = H2SO4 4- SO* 4- 2S. 



388 


INORGANIC CHEMISTRY 


Pentathionic acid. — A tetrathionate can combine with 
nascent sulphur to form pentathionate, and the following 
reactions take place when hydrogen sulphide is passed into a 
solution of sodium tetrathionate: 

NajS^Oe + SHaS - 2 NaOH + 4 H 3 O + 9S 
Na2S406 + S — NaaSgOo. 

Pentathionate is also formed together with trithionite by the 
spontaneous decomposition of a solution of tetrathionate, 

2 Na 2 S 40 $ — Na2S306 -h Na2S508j ^ 

and by the action of sulphur chloride on barium thiodjulphatc, 

2SOj<|’>Ba + CljS, = S3<|o‘Zo--®“ + ® 

Salts of this acid are, however, generally obtained from Wack- 
enroder’s solution, the liquid formed by passing hydrogen 
sulphide into strong sulphurous-acid solution at 0°. Although 
the final products of the interaction of sulphuretted hydrogen 
and sulphur dioxide are sulphur and water, that result* is pre- 
ceded by the formation of polythionic acids, the first of which 
is probably tetrathionic acid, 

HaS + aSOg HaS40o; 

thence by secondary reactions tri- and pentathionic acids 
result; and from the solution the alkali salt of the latter acid 
can be isolated by a lengthy process. 

Constitution of the thionic acids. — ^The formation of di-, 
tri-, and tetrathionic acids by the reactions of condensation 
which have been studied above, and the reversal of these 
reactions by sodium amalgam, are explained by representing 
the acids by the general formula: 

XSOa • OH’ ~ 0 , 1 , or 2. 

Pentathionic acid may be supposed to be similarly constituted, 
in which case n == 3. 

The reactions with iodine and sodium amalgam were studied 
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by Spring, and the above conclusions as regards constitution 
have been adopted by Mendeleeff and Blomstrand. 

Examination of crystal structure confirms the formulation 
of the di- and tri-thionate ions as 


r 0 0 n 

** 

r ^ 

0 1 

os— so 
- 0 0 

and 

os— 5 
0 

^—so 

0 


The following comparative reactions of thionic acids 
may be mentioned. Aqueous solutions of all the acids decom- 
pose on concentration according to the reaction: 

HaSnOa - H 2 SO 4 1- SO^ 4* (n - 2)S; 

the solid salts decompose in analogous fashion on heating. 
Dithionic acid, since its molecule contains but two atoms of 
sulphur, yields no sulphur on decomposition. Tetrathionic is 
the most stable of these acids. The barium salts are all 
soluble in water, but mercurous nitrate gives with trithionate 
solution a black precipitate and with tetra- and pentathionate 
solutions yellow precipitates. On warming with copper- 
sulphate solution, trithionate gives a black precipitate. Easy 
decomposition by bases is characteristic of pentathionates. 
Certain types of organic compounds containing sulphur may 
here be mentioned. 

Sulphonic acids, as previously observed, are derivatives of 
unsymmetrical sulphurous acid: 

H-SOa-OH : R-SOa;OH. 

sulphurous acid sulphonic acid 

Sulphinic acids are related to the unsymmetrical form of 
sulphoxylic acid HoSO®: 

R-SO-OH. 

sulphinic acid 

Sulphoxides and sulphones are formed by the oxidation of 
sulphides; thus: 

RjS — R2SO — R2SO2. 

sulphoxide sulphone 

Sulphonium bases, SR3OH, and their salts, such as triethyl 
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sulphonium iodide, [(C2H5)3S]I, are related to SH^, as am- 
monium bases and their salts to NHg. The alkyl sulphonium 
halides are formed by the combination of alkyl sulphides 
and alkyl halides; thus: 

(C*Hfi),S + - [(CaH5)8S]I, 

which is analogous to the reaction: 

4 - C,U,1 = 

Asymmetric sulphonium salts of the type [RjRaRglBJA have 
been resolved into optically active components by Rope and 
Peachey,* and by Smiles .f The activity of the aswmetric 
ion [RiR 2R3S]+ is attributed to tetrahedral dispositiotji of the 
sulphur valencies, even although one electron pair is unused 


APPENDIX TO SUB-GROUP VI B 
Hydrogen Peroxide and tAtf Peradds 


As was mentioned in the chapter on oxides, the peroxides 
may be divided into two classes: the poly-oxides, containing 
several doubly-linked oxygen atoms, and the superoxides, 
which contain oxygen chains, such as: 


ro-]- 

Ba*^ I corresponding with 


H— O 

h4. 


Hydrogen Peroxide, HgOj. — Barium and sodium per- 
oxides are the usual sources of hydrogen peroxide, though this 
compound may also be obtained by the electrolytic oxidation 
of diluted sulphuric acid, a process which involves the forma- 
tion of persulphuric acids and their subsequent hydrolysis. 

The following are the reactions by which HgO, is obtained 
from Ba02: 

BaO. + 2HC1 =Baa, 

BaOf "i" H8SO4 = BaS04 -h H^Ot 
/BaO. 4- CO. = BaC04 (i) 

lBaC04 + H.O = BaCO, 4- H.O,. (ii) 


• Chem. Soc. Trans. (1900), 77 , 107a. 
t Chem. Soc. Tram. (1900), 77 , 1174. 
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The reactions with carbon dioxide are interesting. When 
this gas is passed into ice-cold water in which barium peroxide 
is suspended, whilst the liquid is continuously agitated, no 
hydrogen peroxide is produced for a time, during the forma- 
tion of percarbonate; then the liquid becomes acid and the 
percarbonate formed is hydrolyzed according to reaction (ii). 

From sodium peroxide hydrogen peroxide is produced by 
the action of water alone: 

Na^Oo H 2H2O - 2 NaOH + H^Oa; 

but much decomposition of the latter takes place, with evolu- 
tion of oxygen, because it is not stable in presence of alkali. 
In presence of acid, however, and particularly at low tempera- 
ture, hydrogen peroxide is much more stable. Thus a com- 
mercial process (Merck) consists in adding sodium peroxide 
to ice-cold 20 per cent sulphuric acid, and distilling the product 
in vacuo y after the removal of Na 2 S 04 , IOH 2 O, which crystal- 
lizes. The product is 30 per cent hydrogen peroxide, or 
perhydrol, which on decomposition yields one hundred times 
its volume of oxygen. 

A difficulty in the way of preparing and concentrating 
hydrogen peroxide is the spontaneous decomposition of this 
substance in presence of certain catalysts. Thus, when the 
peroxide is being prepared by the action of carbon dioxide 
on commercial barium peroxide, some of it is lost in this way 
before it can be filtered from the barium carbonate, owing 
to a trace of manganese dioxide derived from manganese in 


preserved in bottles coated inside with paraffin wax. 

Nearly pure hydrogen peroxide can be obtained by repeated 
fractionation of its aqueous solution under reduced pressure, 
and the anhydrous solid by freezing. Pure hydrogen peroxide 
is a colourless, syrupy, acid liquid of density 1*458 ^t 0 , 

(d170) 


he barium peroxide. 

Finely divided and colloidal metals also decompose hydrogen 
►eroxide catalytically , as well as rough glass surfaces. On this 
ccount a concentrated solution of the peroxide is sometimes 



392 


INORGANIC CHEMISTRY 


boiling at 69*2° under 26 mm. pressure, and forming columnar 
prismatic crystals which melt at —2°. Contact with certain 
catalysts and oxidizable substances causes explosive decom- 
position. Besides its catalytic decomposition hydrogen per- 
oxide reacts in three different ways: 

(i) Salt formation: 

Na 2 C 03 -1" H 2 O 2 — Na202 “h H 2 O -j- CO 2 . 

This reaction is brought about by adding sodium-carbonate 
solution drop by drop to hydrogen-peroxide solution. Thus 
hydrogen peroxide is an acid, of which superoxidesl such as 
BaOg and NagOg are normal salts. \ 

(ii) Oxidizing action: \ 

X + H2O2 - XO + H2O. 

Whether oxidation by hydrogen peroxide occurs depends on 
whether conditions of stability of the oxidation product obtain. 
The presence of alkali, or at least the absence of acid, generally 
promotes oxidation, e.g.: 

Mn(OH)2 + HoOa = MnOa + 2H2O 
PbS + 4H2O2 - PbS04 4- 4H2O; 

though peracids, e.g. pertitanic, pervanadic, and perchromic 
acids, can be formed in presence of acid. 

(iii) Reducing action: 

XO 4- HaOg = X 4- H2O + O2. 

It appears that reduction by hydrogen peroxide involves 
evolution of oxygen gas, the substance reduced containing, 
like hydrogen peroxide, loosely-held oxygen atoms, which in 
partnership produce molecular oxygen. Examples of this 
action are: 

O2O 4" H2O2 = Oa 4“ H2O 4* O2 
AgaO 4- H2O2 - 2Ag 4* H2O + O2. 

Presence of acid promotes such reduction, when a salt may be 
formed thus: 

MnOg + H2O2 4- H2SO4 = MnSO* + 2H2O 4- O2 
2KMn04 4- SHaO* + 3H2SO4 = K2SO4 4- 2MnS04 4- 8H2O 4- SOg. 
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Constitution . — Cryoscopic determination proves that the 
molecule of hydrogen peroxide is H 2 O 2 . The compound may 
be tautomeric, and may be represented electronically in two 
ways thus: 

H 

H : o : o : H : 6 : o : H, 

•• •* •• •• 

the second formula indicating an acidic character induced in 
a molecule of water by the second atom of oxygen; this atom 
might be readily lost. According to G. H. Geib (1932) another 
form of hydrogen peroxide results when atomic hydrogen 
reacts with oxygen at very low temperatures. This new 
form changes at —115® to the ordinary form with some 
decomposition into water and oxygen. Hydrogen peroxide 
is generally formulated as H — O — O — H. 

The Peracids. — Hydrogen peroxide may give rise to two 
classes of derivatives in which one or both hydrogen atoms 
are replaced by univalent atoms or groups thus: 

H— O— O— H; X— O— O— H; X— O— O— X. 

The atom or radicle X may be basic or acidic; thus, for 
example: 

Na— O— O— H; Na— O— O— Na or HSO 3 — O— O— H; 

HSOa— 0-0— SOall. 

These simple principles underlie the whole of the chemistry 
of the peracids and their salts. 

Formation of peracids and salts , — In general, two methods 
are available for the formation of peracids and their salts: 
first, by the use of hydrogen peroxide or its simple metallic 
derivatives such as NagOg or BaOg; second, by electrolytic 
oxidation or, more strictly speaking, anodic condensation. 
And, as will app>ear below, persalts formed by electrolysis 
possess a constitution such as is not assumed by such salts 
formed from peroxides. 

As examples of the first method may be quoted the produc- 
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tion of barium percarbonate, BaC04, or sodium percarbonate, 
NagCgOj, from BaOj or Na202 and carbon dioxide thus: 

BaOj + CO, = BaCO, 

NE2O2 4 “ 2CO2 ~ Na2C20o> 


whilst examples of the second method are furnished by the 
formation of potassium persulphate and percarbonate by 
electrolysis thus: | 

2KHSO4 - K2S2O8 + H2 
2K2CO3 - K2C20e 4 2K. 


Persalts of the first kind possess a constitution related to that 
of the peroxides from which they are derived. Thus iBaC04, 

. 0—0 

formed from BaOg and COg, is Ba( | , and NugCaOe, 

\0— C -O 

formed from Na 202 and 2CO2, is NaO — O — OC — O — COONa; 
whilst K2S2O8 and K2C20(}, formed by electrolysis, are: 


O—SOaOK 

SO,OK 


and 


O— COOK 
(!>— COOK, 


respectively. There is, indeed, a form of K2^2®6» isomeric 
with the above, prepared from potassium peroxide, which 
resembles in constitution the above sodium salt, similarly 
prepared. 

The essential difference between these two kinds of per- 
salts is in the positions of the oxygen grouping — O — O — . 
In electrolytic persalts this grouping is internal, i.e. between 
the two sulphur or carbon atoms in the examples given; 
whilst in salts prepared from peroxides it is external to the 
acidic nucleus, as the above fonnula for sodium percarbonate 
shows. This difference of constitution is indicated by difference 
of reactivity towards potassium iodide. 

In some cases it is difficult to distinguish true peroxy- 
compounds from salts containing hydrogen peroxide of 
crystallization, which, like HgOg itself, react slowly with KI 
solution. 
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H 2 O 2 + I “ HjO 10" 

210“ -f 2H2O2 2H2O 4- 2O2 4- 1 2 

According to Liebhafsky (1934), true peroxy-compounds 
liberate iodine continuously from buffered potassium iodide 
solutions, whilst, in the other type, the initial liberation of 
iodine is soon replaced by oxygen evolution. 

The carbonate, permonocarbonate, and pcrdicarbonate ions 
are represented electronically thus: 

:o: :o: 

: 6 : :bV6: :o::c:o:b; 


co; 


:o: :o: 

:b: :c:b:‘6 :c::b: 


c^of 

Internal peroxidation 


CO 4 


:o: 

• • • • 

:o: :o: 

lo: :c:o:c: :d: 


Ctof 

External peroxidation 


The last formula suggests that a second oxygen atom might 
be peroxidized, producing the ion QO/, and it even seems 
possible that internal and external peroxidation might occur 
simultaneously, producing in a maximum state of peroxida- 
tion the ion CgOg. 

Crystal analysis of (NH4)2S20g confirms internal peroxida- 
tion in the ion , thus: 

O O 

O : s : o : O : S : O 
• • • • 

o o 

Most of the peracids and their salts have been prepared, 
not by electrolysis but from peroxides. Such acids are formed 
by the combination of normal acids with hydrogen peroxide, 
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as for example the yellow peroxy-acid formed when hydrogen 
peroxide and Ti02 react in sulphuric acid solution. Per- 
uranic acid, which has the empirical composition UO4, 2H2O, 


O 


and is probably (HO)4U^^^, is precipitated when hydrogen 


peroxide is added to a slightly acid solution of uranyl nitrate. 
Persalts, corresponding with such peracids, are formed by the 
combination of metallic peroxides, or hydrogen peroxide in 
presence of alkali, with normal acids, or sometimes with 
peracids; in the latter case both base and acid contribute 
peroxidized qualities to the salt. The perborate N^BOg is 
formed thus: 


NaaB 407 4- 2NaOH + 4HaOa = 4NaB08 + SHaO, 


and also by the reaction: 

NaOOH + HOBO = NaOOBO + HgO. 


This reaction may be regarded as the neutralization of meta- 
boric acid by the peroxidized base sodium hydroperoxide, 
which bears the same relation to Na202 as NaOH bears to 
Na20. Potassium hyperborate KBO4, HgO, however, is per- 
oxidized from both basic and acidic sources of the salt, and 

appears to have the constitution O : O •’ B : J O • O rj . 

Combination between basic peroxides or hydroperoxides and 
peracids yields highly peroxidized salts. Thus the action of 
hydrogen peroxide on alkaline sodium uranate produces the 
salt (Na202)2, UO4, 8H2O, which is hydrolyzed by aluminium 
hydroxide yielding sodium hydroperoxide and peruranic acid; 
and therefore is constituted thus: 
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so that one-third of the peroxidic oxygen is associated with 
the acid and two-thirds with the base. Persalts, such as the 
above, which are derived from hydrogen peroxide, yield this 
substance when decomposed by dilute sulphuric acid. 

With potassium hydroxide peruranic acid reacts thus: 

3[U04, 2HaO] -f 4KOH - 2 UO 3 + iK^O^)iVO^ + SHgO. 

In this reaction the potash is peroxidized by some of the 
peruranic acid, and then unites with more of this acid to 
form the doubly peroxidized salt* 

Peracids and their salts are formed by elements in various 
groups of the Periodic System as follows: 

Group III. — B. 

„ IV.— C, Ti, Zr, Th; Ge, Sn. 

„ V.— N, P; V, Cb, Ta. 

„ VI.— S, Se; Cr, Mo, W, U. 

(see p. 398). 

Sulphur Heptoodde and the Per sulphuric Acids 

The acidic superoxide, sulphur heptoxide, S2O7, is said 
to be formed by the union of sulphur dioxide and oxygen 
under the influence of a silent electric discharge, the volatile 
unstable product (M.P. 0"^ C.) yielding persulphuric acid with 
water. It is perhaps a mixture, SO3, SO4 (Meyer, 1922). 
According to R. Schwarz (1934), sulphur tetroxide, SO4, is 
obtained as a white solid (M.P. S'") under somewhat similar 
conditions. It is also formed (Fichter, 1927) when fluorine 
acts on sulphuric acid (2*3 M). It does not yield permono- 
sulphuric acid with water, and is distinguished therefrom by 
oxidizing manganous salts to permanganate, and aniline to 
nitrobenzene. 

The Persulphuric Adds 

Permonosulphuric acid, Caro’s acid, HgSOg', H0*S02'0*0H. 
Perdisulphuric acid, HgSaOg; HO’SOg-O-O-SOg-OH. 

The latter of these two acids was the first to be discovered, 



Peracids. 


Characteristic Salts. 


Na0-0 B;0; KO O B :0 0. 


Titanium 

(HO)aTiC^^. 2H,0. 


/OOH 


Zirconium 


NaaCO*, 

rrrn /KOOC-O O COOK 
KaCaUo \ KO O OC O COOK. 


NaOO\ /O 

>TiC" l.sHaO. 

NaO^ \0 


Na4ZraOn, qHjO. 



HSn04, 2H,0; HaSnaO,. sHaO KSnO*, zHaO; KaSnaO,. aHaO. 
Nitrogen 

0,N-0 0H AgaNOii, KNO4 (?). 


AgaNOji, KNO 4 (?). 

Phosphorus 

po(OH,,o.oH !ss:sK‘.Wja-°’" 

Vanadium 

HOVOC' I KVO4, KVO,. K.VOe» 2|HtO. 



Columbium 

yO /O 

HOCbOC^^ KCb04, (KOO)»Cb:^ U 

Tantalum 

y^ 

HOTaO. l.nHaO NaTa 04 . NaTaO,. (MOO),Ta"^ I. 

\o O 

Sulphur 

HOSOa O O SOaOH,HO OSO,OH K.S, 0 .. KIISO4. 

Selenium 

K.SeaO«(?). 

Chromium 

H.Cr0..aH.0.i.e.(H0).Cr(00H).j 
Molybdenum ^ 


KVO4, KVO,. K.VOe» 2|HtO. 


KCb04, (KOO)»CbC^ 1. 

\o 


NaTa04. NaTaO,. (MOO),Ta^ 


H|MoO„ i.e. (HO)«MoOr ^ 

HOOs. 

H.M0O., i.e. >MoOC I 
\0 

Tungsten 

HtWOsCWO,, HaOa) 
H4W07(W08, 2H,08) 


y^ 

(KOO)aMoOC 1 . 


NaaWaOa, i.e. NaOWOa O O WOaONa 
NaaW.O,, i.e. NaOWO—O— WOONa. 

0—0 ' 0-6 


I Uraniiun 

; UO4, 2H.O, i.e. (H0)4UC 


: } 


(Na,0a)aU04. 8HaO. 
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and is generally the source of the former; it will therefore be 
described first. 

Perdisulphuric acid. — Potassium perdisulphate, or more 
simply persulphate, was first obtained by Marshall * by the 
electrolysis of potassium hydrogen sulphate with high current 
density at the anode, oxidation occurring thus: 

2HSO4' + 04- H2O - H2S2O8 + 20H“ 

H2S2O8 + 2KHSO4 ^ K2S2O8 -I- 2H2SO4. 


Since this change consists of the union in pairs of the anion^ 
HSO4, and the crystallization of the sparingly soluble potas- 
sium salt of the acid HgSjOg, the oxygen grouping — O — O — 
is necessarily internal to the two sulphur atoms, an arrange- 
ment on which the specific oxidizing properties of perdi- 
sulphates depend. The acid HgSgOg is thus a derivative of 
HgOg in which both hydrogen atoms are replaced by sulphonic 
acid groups, SO3H. 

Perdisulphuric acid itself has been obtained by the inter- 
action of well-cooled chlorosulphonic acid and anhydrous 
hydrogen peroxidef thus: 

2CI-S08H + HaOa - (O-SObH)^ + 2HC1; 

and forms hygroscopic crystals melting at about 65°, which 
when pure may be kept for months without decomposition. 

Reactions of persulphates. — An aqueous solution of 
potassium persulphate decomposes slowly when cold, more 
quickly when boiling, according to the following reaction: 

2K2S208 -f 2H2O - 4KHSO4 + Oa, 

and the salt may be estimated by titrating the acid produced. 
Chlorides, bromides, and iodides are oxidized by persulphate 
with liberation of halogen, the speed of liberation of iodine 
being accelerated catalytically by ferrous sulphate. From 
salts of silver, copper, manganese, and cobalt the higher oxides 

• Chem. Soc. Trans. (1891), 59, 771. 
t D'Ans and Friederich, Ber. (1910), 43, 1880. 

(d 170) 
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are precipitated, and minute quantities of manganese in acid 
solution are converted completely into permanganate by per- 
sulphate in presence of silver nitrate as catalyst. Ferrous 
salt is quickly converted into ferric by persulphate, and this 
reaction furnishes a second method of estimating persulphate 
if the excess of ferrous iron is titrated with permanganate. 
Certain metals are dissolved by persulphate, without eyolution 
of gas, e.g. copper, thus: j 

K 2 S 2 O 8 -1- Cu - K2SO4 + CUSO4. \ 

Persulphate reacts but slowly with hydrogen peroxidb, and 
it is distinguished from this substance by not decolorizing 
permanganate, and by giving no yellow colour with ijtanic 
salt or blue colour with chromic acid. 

Permonosulphuric acid, Caro’s acid. — In 1898 Caro* 
found that when ammonium or potassium persulphate is added 
to concentrated sulphuric acid, and the solution after a few 
minutes is poured into water, the addition of aniline does not 
yield aniline black, as it does with persulphuric acid itself, but 
that on neutralization with ammonium carbonate a green cblour 
and a precipitate of nitrosobenzene, C(jH 5 N 0 , result. The 
new acid thus produced Baeyer and Villiger*!* called Carols 
acid, and attributed to it the formula H 2 SO 5 . This acid may 
be conveniently obtained free from sulphuric acid and hydrogen 
peroxide, but containing some unchanged persulphuric acid, 
by pouring the sulphuric acid solution of persulphate on to 
crushed ice, and then adding to the solution thus diluted excess 
of barium phosphate. 

Caro’s acid can be produced in three ways: 

(i) Action of concentrated sulphuric acid on KgSgOg. 

(ii) Electrolysis of sulphuric acid of density 1*4:5. 

(iii) Interaction of concentrated sulphuric acid and hydrogen 
peroxide. 

It has already been seen that in method (i) permonosulphuric 

• Zeitsch. angexv. Chemie (1898), 11, 845. 
t Baeyer and Villiger, Ber. (1901). 853. 
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acid is formed by the decomposition of perdisulphuric acid; 
similarly in method (ii), the perdiacid is first produced by 
anodic condensation of SO4H' ions, and then hydrolysed to 
form permonosulphuric acid, thus: 

HjjSaOs + HaO = HaSOfi -f H,S 04 
HaSOg + HaO ^ HaSO* + HaO.. 

The reversibility of the second reaction illustrates the produc- 
tion of Caro’s acid by method (iii). On the other hand, the 
hydrolysis is completed if the hydrogen peroxide be distilled 
in vacuo; in this way the technical production of Ha02 from 
perdisulphuric acid is possible. 

Constitution of permonosulphuric acid. — ^Permono- 
sulphuric acid is distinguished from hydrogen peroxide by 
not reacting with acidified permanganate, and from perdi- 
sulphuric acid by quickly liberating iodine from potassium 
iodide. By the latter reaction the ratio of active oxygen to 
SO3 was found by Baeyer and Villiger to be as 1 to 1 , Accord- 
ing to this result the acid might have one of alternative for- 
mulae for: 

HsSOg = HaOrSOgrO; 

HgSaOp = Ha0:2S03:20,&c. 

The latter formula appeared to Armstrong and Lowry to 
be preferable, for the solution of a neutral salt of Caro’s acid 
becomes acid by loss of oxygen on boiling, which appears to 
be a property of KgSgOg rather than of KgSOg, thus: 


KaSOg - K2SO4 + O 

KaSaOa + HaO - K2SO4 + HaSO^ -f O*. 


But if Caro’s acid should be monobasic, and its potassium 
salt be KHSO5, salt would become acid by loss of oxygen 
thus: 

2KHSO5 - 2KHSO4 + Oa. 


• Roy, Sof, RT(Kn ( 1902 ), 70 , 94 . 
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Slater Price* decided in favour of the latter view by reason 
of the loss which a mixture of potassium salts, containing a 
known proportion of permonosulphate, underwent on ignition; 
for 2KHSO5 ignition more than K2S2O9, as the 

following equations show: 

2KIISO5 - K2SO4 f [H2SO4 + 0.J 
KS2O, KSO, f [SO3 + OJ. I 

This conclusion is confirmed by the preparation of a benzoyl 
derivative! which might be: ^ 

CcHgCO • HSOg or (CeH6C0)aS209. \ 

Since the benzoylated product is still an acid with a hydrogen 
atom replaceable by potassium, the first formula is correct, 
and Caro’s acid is H2SO5, being monobasic. The pure acid 
has been obtained as a crystalline solid, melting at 45 ^^, by 
the interaction of anhydrous hydrogen peroxide and chloro- 
sulphonic acid in molecular proportions thus:J 

HO • OH + Cl • SO3H - HO • OSO3H + HCl. 

Permonosulphuric acid possesses specific oxidizing powers, 
of value in the study of organic compounds. For instance, 
primary aromatic amines are oxidized to nitroso-compounds, 

RNH2 — RNO, 

tertiary fatty-aromatic amines to oxyamines, 

CeH5(CH3)2N — CeH6(CH3)2NO, 

and anhydrides of acids to peranhydrides, e.g.; 

(CoH6CO)20 — (C6H5C0)202. 


* Chem, Soc, Tram. (1906), 89 , 53. 
t Willst&tter and Hauenstein, Ber. (1909), 42 , x839. 
t D*Ans and Friederich, Ber. (i9io)» 43 , 1880, 
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Percarbonates and Perckromates 


Percarbonates.— According to analogy with permono- and 
perdisulphuric acids two percarbonic acids may be expected 
to exist, thus: 


Permonosulphuric acid 

HO—O—SOgOH 

Permonocarbonic acid 

HO-O— COOH 


Perdisulphuric acid 

HOSOa— 0-0— SOjOH 

Perdicarbonic acid 

HOOC— O— O— COOH. 


This expectation is realized, and indeed the following per- 
oxidized carbonates have been obtained: 

(i) CarbonateSy containing hydrogen peroxide of crystalli- 
zation, e.g. 2Na2C03, SHoOg, which in oxidizing action are 
similar to hydrogen peroxide itself. 

(ii) PermonocarbonateSy e.g. Na2C04 and BaC04, obtained 
by the combination of NagOg and BaOg with carbon dioxide 
without previous liberation of HgOg. 

(iii) Perdicarbonatesy e.g. KgCgOe, obtained like perdisul- 
phates, by electrolysis, using KgCOg, thus: 


2CO3 


rocoo 

■^1 

Locooj 


f 2E. 


These salts liberate iodine immediately and quantitatively from 
cold, neutral, potassium-iodide solution thus: 

C3O/' 4 - 21' - 2CO3" + lo, 

and are so distinguished from hydrogen peroxide. 

(iv) PerdicarbonateSy NagCgO^ and KgCgOg, isomeric with 
the above, have also been obtained from sodium and potas- 
sium peroxide and carbon dioxide thus: 

NaaOa + 2CO3 - Na^C^Oo. 

These salts differ in their behaviour with potassium iodide 
from electrolytic perdicarbonates, and are believed to be 
related to the electrolytic salts thus: 

Electrol}i:ic K3C2O4 : KO • OC • O * O • CO * OK 
Synthetic KaC^Oe : KO • O • OC • O • CO • OK. 
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Perchromates. — In the familiar “ perchromic acid** 
test for chromium, hydrogen peroxide added to an acidified 
chromate solution forms a deep-blue, ether-soluble oxide, 
CrOg. Organic bases such as triethylamine or pyridine, when 
added to the ethereal solution, form blue compounds which 
were formerly regarded as salts of a perchromic acid, HCrOg, 
but are now formulated as co-ordination complexiBs, the 
pyridine compound being C5H5N CrOg. Presumalbly the 
oxide is stabilized in ether solution as the complex, 
(CH3)20->Cr0g. \ 

The addition of alcoholic solutions of alkalis to th^ blue 
ether solution forms solid, blue, unstable perchromates\^ such 
as K2Cr20i2, 2H2O. The existence of an analogous anhydrous 
thallous salt, Tl2Cr20i2, confirms that the potassium salt is a 
hydrate and not a perhydrate. 

With chromic acid in cold alkali solutions hydrogen peroxide 
forms the red perchromates, MgCrgOig, whose solutions, 
on acidification, evolve oxygen and yield the blue ether- 
soluble compound. 

Finally, chromium tetroxide triammine, Cr04, SNHg, is 
formed as brown needles when 30 per cent hydrogen peroxide 
is added to cold ammoniacal solutions of chromic acid. 

The blue and red salts were formerly considered to be, 
respectively, MCrOg and MgCrOg, but their dimeric character 
is established by the work of Schwarz and Giese ( 1933 ), who 
found that the active oxygen could be estimated by potassium 
permanganate, using ammonium molybdate as a catalyst. 

They showed that these salts contain, respectively, 2*5 
and 3*5 peroxo-groups ( — O — O — ) per atom of chromium. 
Hence these compounds contain sexivalent chromium as shown 
below, and not septivalent chromium as in the older formulae. 



■KO.O\ 

KO.O— Cr-~0— 
KO.O/^ 

KsCraOie 
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Chromium tetroxide triammine, Cr04-3NH3, is represented 
like the non-electrolytic ammine CrXa-SNHj, thus: 


r O NH,n 

Oj = Cr NH, 
LO^ 


X NH,- 

\ / 

X — Cr-^- NH, 

Lx NH,J 


SUB-GROUP VIA 

Chromium^ Molybdenum^ Tungsten^ and Uranium 

As indicated in the introduction to Group VI, these elements, 
constituting a group of metals, do not display any close an- 
alogies with their congeners of sub-group VI B, except in the 
formation of the acidic trioxides MO3. 

In its chief basic oxide, Cr203, chromium is allied to alumi- 
nium and iron; thus, like aluminium hydroxide, chromic 
hydroxide, Cr(OH)3, is able to form salts with alkalis, the 
chromites, which are, however, considerably less stable than 
the aluminates, undergoing decomposition when their solutions 
are heated. Chromic sulphate, also, like the sulphates of alu- 
minium and ferric iron, gives rise to alums. 

These metals are not found native, but occur as oxides, such 
as CrgOg, in chrome ironstone, and UgOg, pitchblende; as sul- 
phides, such as M0S2; and as salts of the H2MO4 acids, like 
PbCr04, PbMo04, and CaW04. 

They are prepared by the reduction of their oxides or 
chlorides by means of carbon, potassium cyanide, hydrogen, 
sodium, or aluminium;’**' and they are all metals of high melting- 
point and low atomic volume. 

They combine directly on heating with oxygen, and with the 
halogens, forming with chlorine the volatile chlorides CrClg, 
M0CI5, WC4,UCl4,of which WClg easily dissociates at tempera- 
tures slightly above its boiling-point into WCI5 and chlorine. 

* The Goldschmidt process consists in firing a mixture of the oxide (FegOg, CrgOg, 
&c.) with aluminium powder by means of a suitable fuse. Owing to the great heat 
developed the process has been used in the welding of iron rails. 
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Halides 


The halides are of numerous types, as will be seen from the 
table: 

Fluorides Chlorides Bromides Iodides 


Chromium 

Molybdenum 

Tungsten . . 
Uranium 


CrFj, CrFa CrClj, CrCl» CrBr^, CrBra, Cria, Crla 

■Mr.!? i MoaCla, MoCla, \ MoBra, MoBra, \ luf^T A>rrxT 
i MicC MoCl. / MoB^; / Mol* 

{Vg{;ua.. I \vi, 

A large niimber of oxyhalides are also known. \ 


WFa 
J UF* 

• • 1 UF. 


In addition to their formation by direct union, and bV the 
solution of the metal or oxide in the halogen acid, many of the 
halides may be prepared by the action of a halogen on a heated 
mixture of oxide and carbon, as, for example: 


CraOa + 3C -f SCI* = 2CrCl3 + 3CO. 


The nature of these compounds is manifested: 

(i) By behaviour towards water. 

(ii) By volatility and solubility in non-hydroxylic solvents. 


Chlorides of Molybdenum and Tungsten 

The simple dichloride, MoClg, does not exist, being repre- 
sented by the amphoteric, trimeric solid, MogCle, or 
[MogClJC^, since it gives rise to [Mo3Cl4](OH)2, SHgO, and 
[Mo3Cl4](N03)2. With hydrochloric acid it yields H[Mo3Cl7] 
which forms compounds of the type, H[Mo3Cl4Br3, HgO], 
SHgO, and salts M’[Mo3Cl7], ^cHaO. The chloride, M03CI3, 
results by heating molybdenum in a stream of COClg, 
or by thermal decomposition of M0CI3. Tungsten forms 
similar complex compounds. (Cf. Cb and Ta.) 

Molybdenum trichloride is a brown solid sufficiently soluble 
in water to be hydrolyzed. It forms salts, R3[MoClJ and 
yields two isomeric oxychlorides, [MoOCl, 4H2O]. 

Tungsten trichloride is represented in the green complex 
alkali salts, R3IW2CI9], which are strong reducing agents. 
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The tetrachlorides, M 0 CI 4 (crystalline powder), and WCI4 
(infusible grey-brown crystals), are hygroscopic and partially 
decomposed by water. Both yield the metal on strong heating. 

The pentachlorides form black deliquescent crystals decom- 
posed by water to give the blue oxides and hydrochloric acid. 
M 0 CI 5 (M.P. 194®, B.P. 268®) is soluble in alcohol and ether, 
WCI 5 (M.P. 248®, B.P. 275*6®) is slightly soluble in carbon 
disulphide. 

Tungsten hexachloride consists of dark violet crystals which 
are easily volatile, M.P. 275®, B.P. 347®. It is decomposed by 
boiling water, and is easily soluble in carbon disulphide. 
Related to it is the oxytetrachloride, WOCI4. 

The higher halides of molybdenum and tungsten, and to 
a less extent of uranium, are noteworthy, as compared with 
the halides of chromium. In forming hexafluorides these 
metals resemble sulphur, but in its hexachloride and hexa- 
bromide tungsten stands alone, being the only element known 
to form such halides. 

None of these chlorides can be considered a well-defined 
salt, since they do not manifest definitely saline properties 
towards water. The volatility and solubility in carbon disul- 
phide of the higher chlorides, as well as the fact that they are 
decomposed by water into hydrochloric acid and an oxide, 
show them to be ill-defined chloranhydrides. The existence of 
numerous oxyhalides illustrates the same fact. The reluctance 
of molybdenum and tungsten to form true salts in their lower 
valencies contrasts with the existence of the ions, Cr** and 
Cr**, with the basicity of uranium in the salt-like compounds, 
U(S 04)2 UCI 4 , and the bivalent uranyl ion (UO 2 )’*. The 
lower oxides show similar lack of basic character. True 
basigenic character is shown in the case of chromium by the 
fact that chromous chloride is a true salt, soluble in water 
and crystallizing with water of crystallization, while chromic 
chloride is inert when prepared in the anhydrous condition 
by heating a mixture of chromic oxide and carbon in a 
current of chlorine. The presence, however, of a trace of 
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chromous (cuprous or stannous) chloride effects solution, thus: 

CrClaAq + CrCla -f Aq = CrClaAq + CrClaAq, 

the CrCl 2 Aq being oxidized by the solid CrClg to CrClgAq, 
the reduced chloride thus passing into solution as CrClaAq. 
CrClg may be obtained from this solution in a soluble crystal- 
line form as CrClg, 6HaO. , 

In this form chromic chloride is analogous to ferric (jhloride, 
and may therefore be considered as the chloride of\a weak 
base. Chromic chloride further resembles aluminiimi and 
ferric chlorides by forming double salts with alkali chlorides, 
such as CrClg, 2KC1, 2 H 2 O. \ 

Among its congeners, chromium is unique in forming organic 
derivatives, and well-defined chromammines (q.v.). 

For bivalent combination these elements will show an 
electron structure of the general type; x.12.2. By loss of 
two electrons the ion Cr*‘ is formed. The anomalous behaviour 
of molybdenum and tungsten must be ascribed to weak 
basigenic character, the two electrons being used covalently. 
The additional electrons required to complete a stable valency 
group are not derived from the inner quantum group, but are 
gained co-ordinatively by condensation. The structure of 
these bivalent compounds is uncertain, but there is some 
chemical evidence for the formulation of [Mo 3 Cl 4 ](OH) 2 , 
SHgO, thus: 

[MojCh . 2 HiO](OH)2, 6H,0 
for dehydration by heat yields 

[MO 3 CI 4 . 2H20]0. 

Similar considerations apply to tungsten in the tervalent state, 
e.g. in the ion [WgClJ^, and it is surprising that the simple 
dimeric chloride, (WCIglg, does not exist. The same tendency 
to higher co-ordination results in WClg, though here the W 
atom has supplied 6 of the 12 valency electrons. 

Chromium forms no higher chlorides, thus further resem- 
bling aluminium and iron, and so does not furnish a chloran- 
hydride of an ortho-acid. Like sulphur it forms an oxychloride. 
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the chloride of a meta-acid, chromyl chloride, CrOgCla. 
This compound, prepared by heating together potassium di- 
chromate, sodium chloride, and sulphuric acid, is a dark red 
liquid, boiling at 116 °, and is analogous to sulphuryl chloride, 
SO2CI2. It forms chromic and hydrochloric acids with water; 
but salts of the intermediate chlorochromic acid, analogous to 
chlorosulphonic acid, are known, and are formed when con- 
centrated hydrochloric acid acts on a dichromate. 

Chromic acid, chlorochromic acid, and chromyl chloride are 
thus related to one another: 

'-iWx OH <-r(J2 OH C.rC)2\oi. 

It is instructive to observe that while chromyl fluoride, CrO 
is known, the bromide and iodide are not formed, because 
chromic acid oxidizes hydrobromic and hydriodic acids. 

The oxyhalides of the same type formed by the other metals 
of the group do not so readily undergo resolution by water; 
UO2CI2, for instance, is quite stable, and may be regarded as a 
uranyl salt. The solubility of this latter compound in alcohol 
and ether, however, and its power of combination with alkali 
chlorides and the hydrochlorides of organic bases, reveal acidic 
character. 

Oxides 

The oxides of Group VI A metals are numerous, like the 
halides. The principal ones are classified in the subjoined table: 

Chromium . . CrO CraOs CrO, CrOaC + aNH,) 

Molybdenum , . MoO (hydrated) MofO, MoO, MoOa 

Tungsten . . — — WOa (W3O.) WO, 

Uranium . . — — UOg UO, UO*, sHaO 

Of oxides of the type MO, examples are known in the 
case of chromium and molybdenum only, Cr(OH)2 is a 
true base, dissolving in acids to form the chromous salts; 
hydrated MoO possesses feebly basic properties. Of the 
sesquioxides, MgOj, CrgOg is a basic oxide possessing feebly 
acidic properties, M02O3 shows no acidic properties, and its 
basic functions are ill defined, since it is insoluble in acids, and 
even the hydroxide dissolves with difficulty. 
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Of the dioxides, MoOg forms very unstable salts; the hy- 
droxide Mo(OH) 4 dissolves slowly in water, forming an acid 
solution. WOg is slightly soluble in concentrated hydrochloric 
and sulphuric acids, forming purple solutions which possibly 
contain tungstous salts. As was pointed out when dealing 
with the chlorides, molybdenum and tungsten oxides show a 
remarkable inability to form salts with acids. U02,|uranous 
oxide, corresponds with uranous salts of the type UXL. Com- 
plex derivatives of the unknown oxide WgOg, and of the corre- 
sponding oxychloride, WOCI3, have been prepared.r The 
oxides MO3 are all acidic; hut UO3 is sufficiently basic to 
form the uranyl salts UOgXg. 

Cr04 and UO4 are peroxides resulting from the action of 
hydrogen peroxide on chromates and uranates. (See Appendix 
to Group VI B.) 

In addition to the above oxides a number of complex oxides 
exist, which, in the case of chromium, are compounds of CrgOs 
and CrOg, and, in the case of the other metals, of MOg and MO3. 
The following are the more important of these complex oxides: — 

SCrOa - - Cr^Oa, CrOg - WO.. WO3 

CrgOs - 2Cr203, CrO, - WO^, 2WO3 

MoaOs - MoOa, M0O3 = WO^, 3WO3 

MosOg — MoOo, 2M0O3 U2O5 — UO2, UO3 

MO5O12 - ;3Mo02, 2 Mo 08 UgOg - UO2, 2UO3 

Compounds corresponding with the Various Oxides 

Ghromous salts, corresponding with the oxide CrO, are 
prepared by the reduction of acidified solutions of chromic salts 
or chromates in absence of air. They are white when anhy- 
drous and blue when hydrated. They oxidize with the 
greatest ease, forming, when solid, basic chromic salts. A 
blue solution containing a chromous salt on exposure to air 
rapidly turns green, by formation of chromic salt. The 
acetate is the most stable salt; the sulphate, CrS04, THgO, 
is isomorphous with ferrous sulphate, and forms the double 
salt CrS04, K2SO4, GHgO, 

* Collenburg, Zeitsch, anorg. Chem,, 1918, 102 . 14'^. 
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The oxide MoO gives rise to no salts. 

The chromic salts, corresponding with the oxide Cr203 and 
the hydroxide Cr(OH)3, are usually prepared from chromates 
by reduction: 

‘iCrOa - Cr^Oa + 80. 

Thus from potassium dichromate and sulphuric acid, on reduc- 
tion by alcohol or sulphurous acid, or by nascent hydrogen, as 
in the bichromate cell, a solution is formed from which the 
alum K2SO4, Cr2(S04)3, 24H2O crystallizes. 

Chromic sulphate, occurring in violet crystals, has the 
composition Cr2(S04)3, 18(or 17)H20. 

A green salt, having the composition Cr2(S04)3, GHgO, has, 
however, been obtained by Colson by the action of sulphur 
dioxide on chromic acid at —4°. By the behaviour of this salt 
when dissolved in water it appears that three forms of it exist. 
For a freshly prepared solution gives no precipitate with 
barium chloride; on standing, however, the solution develops 
sulphate corresponding first with one-third, then with two- 
thirds, and finally with all the sulphate actually present in the 
salt. Moreover, as this final stage is reached the solution 
becomes violet, so revealing the stable colour of chromic salt 
solution. Colson,* who has investigated these phenomena, 
speaks of the non-ionized sulphate radicles as “ masked 
sulphate ”, and attributes the unmasking of sulphate to the 
incorporation of a molecule of water thus: 

H 2 O 1 

--Cr=S 04 — ( 0 H)-Cr-(HS 04 ). 

and consequently assigns the following formulae to the four 
forms of the salt: 

Cr2(S04)3; CraCSOJsCOHXHSO*) ; 

trebly-masked doubly-masked 

sulphate sulphate 

Crj(S04)(0H)8(HS04)2 ! Cr4(0H)3(HS04),. 

singly-masked unmasked 

sulphate sulphate 


• BuU. Soc, Chim, ( 1907 ). [iv], 1, 438- 
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Similar conclusions are expressed by the following formulae 
constructed in accordance with Werner’s views, since sulphate 
radicles displaced by water molecules from co-ordinated 
positions, i.e. from within the square brackets in the formula, 
thereby become ionizable. 


r (sojn 

[2O; Crj S04,2H20; 

L (0H2)4J 

SO4 1 

Cr , (804)2, H2O; 

(0H2)5J 

These formulae are interesting for several reasons. \ First, 
they account for the water of hydration in Cr2(S04)3, GHgO; 
second, they show in each case six co-ordinated radicles or 
molecules associated with Crg; third, they represent all the 
water molecules originally present in the crystallized salt as 
associated with chromium, when the solution has become 
violet and all its sulphate is ionized; i.e, that a violet solution of 
a chromic salt contains not Cr** ions but ions of [Cr2(Ori2)6]i- 
or [Cr(OH2)3]-. 

Incidentally it follows that violet chromic sulphate and 
chromic alum may have a similar constitution in the solid 
state. Werner represents chromic alum thus: 


rCr2(0H2)6l)B04: 
^ ^ \ 



r 1 S 04 

Cr(H402)6 

L JSO4K 


and so accounts for water of crystallization. It is part of a 
system of formulating inorganic compounds developed by 
Werner for metallic ammines (q.v.). 

When chromic alum crystals are heated to 90° they lose 
some water and turn green. The product, which, when 
dissolved in cold water gives no precipitate with barium 
chloride, is potassium chromisulphate,’**' K2[Cr2(S04)4], a salt 
which, disregarding water of crystallization, is isomeric with 
potassium chromic alum. The following chromisulphuric 

•According to Colson (Compt. rend. (1907), 144 , 206) a condensed sulphate, 
Cr4(S04)8, is formed. 
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adds have been obtained by the combination of chromic 
sulphate with sulphuric acid: 

HsECr^CSO,),]; H.ECrjISO^),] ; H,[Cr.(S04),] : 


and it is interesting to observe that, if a sufficiency of water 
may be assumed within the complex acidic radicles, these 
acids form the preceding part of a series which is completed 
by the four varieties of chromic sulphate formulated above. 
The complete series of complex radicles, with their valendes, 
thus becomes: 

- 6 - 4 - 2 0 


r -1 r (SOJ.-! r (SOAl r 

CrjCSO,)* , Crj , Crj , Cr. 

L J L (OH,)J L (OH*)J L 


(SO^»1 


(OH,), 


J’ 


+ 2 


+ 4 


+ 6 


r r (SO,) -I r -1 

Cr, , Cr, , Cr,(OH,), . 

L (oh,)4J L (oh,)J L j 


A further fact to be recorded is that when chromic sulphate 
solution is boiled it turns green and becomes acid. From the 
green solution only one-third of the sulphate can be preci- 
pitated by barium chloride; and since hydrolysis takes place 
the following reactions are believed to occur with the formation 
of condensed chromic sulphates: * 

2Cr2(S04)3 -h H,0 [Cr,0(S0,)4]S04 + H^SO, 

[Cr40(S04)4]S04 + HaO ^ [Cr40,(S04)3]S04 + HjSO,. 

Chromic chloride, CrClg, when prepared in the dry way, 
consists of pink scales which are insoluble in water and chemi- 
cally inert. In the solid hydrated condition as CrClg, GHgO, 
chromic chloride exists in one greenish-blue and two green 
forms, f The greenish-blue salt dissolves in cold water, 
forming a bluish-violet solution from which silver nitrate 
precipitates all the chlorine in the salt; both green chlorides 
form green solutions, from one of which silver nitrate preci- 

• Colson, loc. cit. 

t Gubser and Werner, Ber. (1901), 34 , 1601; Bjerrum, Ber. (1906), 39 , 1599. 
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pitates two-thirds of the chlorine present, and from the other 
only one-third. These latter salts are known respectively as 
Bjerrum’s and Werner’s chloride, and the constitutions of the 
three salts are thus represented by Werner: 


Greenish’blue chloride Bjerrum’s chloride 


Werner’s chloride 


- 

r Cl nci. 

r Cl 1' 

Cr(OH,), Cl.; 

Cr ; 

L (oh.)Jh.o 

CrCl 

L 


J(ljl20), 

This is an example of what is called “ Hydrate IsorAerism 
Both green salts when in solution revert gradually to the fully 
ionized salt. \ 

Chromic sulphide, like aluminium sulphide, can be lormed 
only in the dry way, and is hydrolyzed by water. 

Of salts corresponding with the oxides MOg, those of 
uranium, the uranous salts, are the only ones to be con- 
sidered. These salts, which are obtained in solution by the 
reduction of an acidified uranyl solution with zinc, are green, 
and yield green crystals; e.g. UCI4 and 11(804)2, OHgO. The 
sulphate also results, together with uranyl sulphate, when pitch- 
blende, UgOg, is acted on by sulphuric acid, 

U02-2U03 + 4 H 2 SO 4 - U(S04)2 + 2U02-S04 -f 4H80. 


Like the chromous salts, the uranous salts are powerful re- 
ducing agents, reducing ferric to ferrous salts, and precipitating 
gold and silver from their salt solutions. 

As previously mentioned, the oxides MO3 are chiefly acidic; 
M0O3 exhibits feebly, and UO3 more powerfully basic proper- 
ties. The acids, with the probable exception of chromic acid, 
cannot be obtained in a pure state by combination of the 
oxides with water. CrOg is a red crystalline substance easily 
soluble in water, the solution containing dichromic acid,* 
H2Cr207. MoOg is a white powder, slightly soluble in water, 
yielding a solution which reacts acid; WO3 (canary yellow) 
and UO3 (orange or red) are insoluble in water, but WO3 is 
soluble in boiling aqueous alkalis. 


* Fellini, Gazzetta (1916), 46 , ii, 247. 
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Acids derived from MO3, and their Salts 

Acids of the type HgMO^ are known in the case of each of 
these four elements. 

Chromic acid, H2Cr04, crystallizes in rose-red crystals 
from the solution obtained by digesting CrOg with less than 
sufficient water to dissolve it. The acid separates into CrOg 
and water on warming. 

So little tendency does CrOg show to combine with a mole- 
cule of water to form H2Cr04, that the anhydride itself crystal- 
lizes from a chromate solution to which concentrated sul- 
phuric acid is added. Since HgCrgO^ exists in an acidified 
chromate solution, the anhydride may be supposed to be the 
final dehydration product of the action of concentrated 
sulphuric acid on dichromic acid. 

Molybdic acid, H2M0O4, is a white, crystalline powder 
obtained when a nitric-acid solution of MoOg evaporates 
spontaneously. The hydrate, H2M0O4, HgO, crystallizes in 
yellow crusts from a nitric-acid solution of ammonium molyb- 
date. Tungstic acid , H2WO4, is a yellow powder insoluble in 
water and most acids. H2WO4, HgO, soluble in water, is ob- 
tained by precipitating a tungstate by acid in the cold. Hy- 
drated uranic acid, H2UO4, HgO, is obtained as a yellow 
mass by evaporating a solution of uranyl nitrate, U02(N03)2, 
in alcohol. 

Salts of the type R2MO4 are known for all four elements; 
only the chromates are important. The alkali chromates are 
lemon-yellow, and are obtained by the action of alkalis and 
oxidizing agents on chromic oxide; thus: 

CtiOa + 80 4- 2Na2C03 - 2Na3Cr04 + 2 CO 2 . 

When a chromate is prepared by fusion, the oxygen may be 
supplied either from potassium chlorate or nitrate, or from 
the atmosphere. In the wet way precipitated chromic hy- 
droxide may be oxidized by alkaline hydrogen peroxide, 
produced from sodium peroxide, by hypochlorites, or by lead 
peroxide. 



4i6 


INORGANIC CHEMISTRY 


Condensed or poly-acids and their salts .—It was 
observed in the case of sulphuric acid and its salts that con- 
densation of two molecules may take place under certain 
conditions to form disulphates. A similar phenomenon is 
noticed with other oxyacids, such as phosphoric, iodic, and 
boric, but is unknown with nitric acid. It is specially charac- 
teristic of the weak oxyacids of Group VI A, so thit indeed 
the more complex acids and their salts are for the most part 
obtained more readily than the simple ones. \ 

When normal chromates are treated with acids, dichrpmates 
are formed, thus: \ 

2KaCr04 + 2HC1 == K^Cr^O, + 2KC1 + H,0. \ 

Potassium dichromate, in turn, yields, with chromic anhy- 
dride, or on boiling with moderately concentrated nitric acid, 
the trichromate KjCrgOjo*, and this, again, with concentrated 
nitric acid, gives the tetrachromate KgCr^Ou. 

These salts may be represented thus (though oxygen is 
really tetrahedrally disposed round chromium): 



chromate di chromate trichromate tetrachromate 


Water hydrolyzes tri- and tetrachromates to dichromates and 
chromic acid, and excess of alkali reconverts all the condensed 
chromates to the normal salts. 

Molybdic and tungstic acids are more, and uranic acid is 
less, prone to condensation than chromic acid. 

The general formula for condensed or poly -molybdates 
may be written R‘jO, ;riVIo08, where = 1, 2, 3, 4, 7, 8, or 10 
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Tri -molybdates are common. There are also salts derived 
from condensation of the next hydrated acid, H4M0O5; 
ordinary ammonium molybdate or paramolybdate, for in- 
stance, is (NH4)gMo-024, 4H2O; its constitution probably being 
(NH4)e[Mo(iMoeO,4)], WJO, 

The polytungstates are even more complex than the poly- 
molybdates. Tetratungstic acid, H2W4O13, THgOjis a crystal- 
line substance soluble in water. Commercial sodium tungstate 
possesses the composition NaioWi204i, 28H20(NaioWia04i == 
bNagO, I2WO3). 

In addition to the above method of condensation, molybdic 
and tungstic acids likewise possess the power of combining 
with phosphoric and other acids of a similar type to form: 

Heteropoly acids. These acids conform to the type* 
Hi2-?j[R”(^ 2^7)6J> where R is an clement of valency w, such 
as B, Si, P, As, Ti, Gc, Zr, Sn, Hg, and M is molybdenum 
or tungsten; and since there are 12 atoms of either of the two 
latter elements within the acidic complex, the acids are called 
12 -acids. They generally crystallize with 28 or 22 molecules 
of water. 

The following acids of this type are known, the composition 
of which may be made clearer by showing also the component 
oxides, thus: 

12-borotungstic acid,t H9[B(W207 )b] or OHaO, B2O3, 24 W 08 . 

12 -silicomolybdic acid, H8[Si(Mo207)6] or 4 H 20 , Si02, 12 MoOi. 

12 -silicotungstic acid, H8[Si(W207)e] or 4H2O, Si02, 12 W 08 . 

12 -phosphomolybdic acid, H7[P(Mo207)e] or 7 H 80 , PiO^, 
24Mo08. 

32 -phosphotungstic acid, H7[P{W207)6] or 7H2O, PaOj, 24 W 08 . 

12 -arsenotungstic acid, H7[As(W207)e] or 7 H 80 , AS2O8, 24 W 08 « 

This last acid is not known, but its ammonium salt is: 

(NH8)3H4[A8fW^07)J, 4 H 2 O. 

To ammonium phosphomolybdate, the precipitate ordinarily 

• Rosenheim and Jiinicke, Zeitsch. anorg. Chem. (iQi?)* tOI, 235. 

t Sometimes an alternative nomendature, e.g. tungstoboric, molybdophosphorio, 
acid, is employed. 
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obtained in testing for phosphate, the formula (NH 4 j 3 P 04 , 
I 2 M 0 O 3 , ^HgO is attributed. This salt is apparently analo- 
gous to the above ammonium arsenotungstate, and therefore 
may be represented thus: 

(NH4),H4[P(Mo*0,)e], (X - 2)HaO. 

When dried above 130° the salt becomes anhydrous, and is then 

(NH4)8P04, 12Mo08. 

Chromium forms few of such compounds, and uraniim none. 

The crystal structures of lower hydrates of the above acids 
and their salts indicate (Illingworth and Keggin, 19o5) that 
the acids conform to the type H 8 _„[R”Wi 204 o], thi^s pos- 
sessing a lower basicity than shown above. 

Some of the compounds examined are thus: 

H8[PWa804o], SHaO; Na8[PWi804o], 

(NH4)aH[SiMoi804o]; Tl8H[SiMoi204o]. 

Meta-tungstic acid is a 12-acid, thus: 

H8[H8Wi204o], SH^O; 

These formulae depend on the X-ray analysis of 5-hydrated 
phosphotungstic acid by Keggin (1934), which revealed that 
the element R is surrounded tetrahedrally by four oxygen 
atoms. Beyond this is a shell of twelve tungsten atoms, each 
one surrounded octahedrally by six oxygen atoms. Sharing of 
oxygen occurs, and every three octahedra possess one of the 
tetrahedral oxygen atoms in common. The charge on the 
anion is neutralized by the positive cations. Water of crys- 
tallization is inserted interstitially, the fully hydrated acid 
being the 29-hydrate. These structures agree with the lower 
basicity generally shown in alkali salts, and the co-ordination 
number, 4, for R is normal. 

Rosenheim’s formulae, on the other hand, endow R with a 
co-ordination number of 6 , and"4n agreement therewith, the 
higher basicity appears in a few mercurous and guanidinium 
salts, e.g.: 

HgsESiCW^O^lfl], SHaO; (CH5N8-H),[P(W80,)e]; 12 H 80 . 
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The chief uranates are derived from the acid HjUjO,. 
When potassium hydroxide is added to uranyl nitrate solution, 
U02(N03)2, the yellow precipitate obtained consists of uranyl 
hydroxide together with some potassium diuranate, 

> 

which is thus insoluble in water. The sodium salt, NagUjO^, 
CHgO, is uranium yellow; glass coloured with this substance 
is bright yellow, and shows a green fluorescence. Tri- and 
tetra- as well as monouranates are known. 

Reference has previously been made to uranyl salts. The 
existence of these salts is due to the fact that uranium tri- 
oxide, alone among trioxides, possesses distinctly basic proper- 
ties. This is due to the superior metallic character of uranium, 
a fact indicated by its high atomic weight and position as the 
last member of Group VI A of the periodic table. One only 
of the three oxygen atoms can, however, be replaced by acid 
radicles; and thus basic salts, known as the uranyl salts, result. 

The nitrate, U02(N03)2, 6H2O, is the best-known salt. It 
is yellow and possesses a green fluorescence. Certain organic 
salts, such as the oxalate, are sensitive to light, being thus 
reducible to uranous compounds. Uranyl ammonium phos- 
phate, UO2NH4PO4, is a greenish-yellow precipitate, insoluble 
in acetic acid; it is obtained in a process for the volumetric 
estimation of phosphates. The ferrocyanide forms a brown 
precipitate. 

Chromium forms series of complex cyanides and ammines, 
which will be dealt with under Group VIII. 
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CHAPTER XI 

HYDROGEN 

Hydrogen H* 1-0081. 

Deuterium or D 2*0148. 

Tritium H®orT 3*0151. 

In the modern periodic system, hydrogen shades with 
helium the first short period, but may be regarded as showing 
affinities with both lithium and fluorine. Hydrogen gas is 
liquefied at — 252*5° C. under 760 mm. pressure: the white 
ice-like solid, M.P. — 258*4° C., finally discredited th^ idea 
that hydrogen was a metal of low melting-point. 

Constituted of one proton and one electron, hydrogen may 
exercise electronegative character and gain one more electron, 
either electrovalently, as in Li[H]“, or covalently, as in anhy- 
drous HCl. This latter, however, ionizes and dissociates in 
ionizing solvents to form H+, thus displaying the electro- 
positive character which places hydrogen among the metals 
in the electro-chemical series. Mono-electronic hydrogen 
links are assumed in the boron hydrides, and the hydrogen 
bond occurs with an electronegative atom, as in hydrate for- 
mation, =-0***H — O — H. 

Atomic hydrogen. — For long, “ nascent ” or atomic 
hydrogen was assumed to account for the strong reducing 
properties shown when the gas is generated in situ; there is 
evidence that this is correct (H. S. Taylor, 1926). Atomic 
hydrogen is obtained when molecular hydrogen is dissociated 
by hot filaments of tungsten, palladium, or platinum, the gas 
being at low pressure, 0*01-0*001 mm. (Langmuir, 1915). It 
is also formed by the action of ultra-violet light on hydrogen. 
This form is very active, uniting readily with S, P, As, Ge, 
Sn, but not with nitrogen, to give the hydrides. The free 
atom is short-lived, recombination occurring, thus: 

H -f H = H, + 98,000 cals. 

By blowing hydrogen through an electric arc, atomic 
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hydrogen is formed, which, by recombination in the sense of 
the above equation, produces a temperature sufficiently high 
to melt tungsten (M.P. 3660®). 

Hydrogen gas dissolves in platinum and palladium, pre- 
sumably in the atomic state, and diffuses therefrom in the same 
state, manifesting its activity by combining, for example, 
with oxygen at room temperature, and with phosphorus to 
form phosphine. 

Triatomic hydrogen, H 3 (hyzone, on analogy with ozone) 
was first detected as H 3 + by Sir J. J. Thomson in positive ray 
analysis. The reported occurrence of H 3 in other reactions is 
not confirmed. 

Ortho- and para -hydrogen. — ^The occurrence of helium 
in two similar forms was explained by Heisenberg (1926) on 
the basis of quantum mechanics, and the prediction was made 
that hydrogen should show similar allotropes. These arise 
because the protons in the Hg molecule possess “ spins 
which, in the ortho-form are parallel, and in the para-form, 
are anti-parallel. The two forms of the helium atom are 
due to the relative spins of its two electrons. The bonding 
electrons of H 2 , however, have anti-parallel orientation, 
otherwise union would not occur. Ordinary hydrogen is an 
equilibrium mixture containing 25 per cent para-form. If the 
gas be adsorbed on charcoal at 20® Abs., the catalytic conver- 
sion to the para-form is practically complete. The two forms 
differ in physical properties. Para-hydrogen is stable at 
ordinary temperature, but reversion to the equilibrium mixture 
is caused by catalysts, by paramagnetic molecules, e.g. NOg 
and O 2 , and by atomic hydrogen. 

Heavy hydrogen, deuterium, D or H^. 

By the mass spectrograph, Aston found the mass of the 
hydrogen atom to be 1-00778, measured against the oxygen 
atom, 0 ^® = 16. 

The average chemical atomic weight, measured against 
oxygen in bulk, was 1-00777. This excellent agreement was 
upset by the discovery that natural oxygen contains the 
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isotopes, 0^®, 0^’, 0^®, and, from their relative abundance, it 
was estimated that this oxygen should give, when compared 
with the physical standard, 0^® = 16, an atomic weight, not 
of 16, but of 16*0035, that is, 1*00022 times higher; whence 
it follows that the chemical value for hydrogen on the physical 
scale, should be 

1 00777 X 1-00022 = 1-00799 , 

a discrepancy of 2 in 10,000. Birge and Menzil (1931) 
concluded that this was greater than the experimental error, 
and suggested that ordinary hydrogen contained a \ heavier 
isotope. By fractionation of liquid hydrogen, Urey) Brick- 
wedde and Murphy (1932) demonstrated its presence spectro- 
scopically. 

The mass of the new isotope D, is 2*0148, and it is present 
in hydrogen from rain water to the extent of 1 in 5000 (approx.). 
This concentration can be increased by distilling liquid 
hydrogen, by diffusion methods or adsorption on charcoal. 
The isotope is present in water as DgO or DHO; a separation 
from HgO occurs when the mixture is passed over hot iron, 
or when the acidified water is treated with zinc, or when 
alkaline water is electrolyzed. In all three processes, preferen- 
tial decomposition of HgO occurs, the residue being enriched 
with DgO. The electrolytic method is the main source of 
DgO and heavy hydrogen. 

Some constants for the two types of hydrogen and water 
are given here: 


H. 

D. 

B.P. 

20-38° Abs. 
23-6° Abs. 

M.P. 

13-96° Abs. 
18-69° Abs. 

Sp. Gr. 
at 20® 

Temp, of 
max. dens. 

HjO 

100° C. 

0° C. 

0-9982 

4° C. 

D,0 

101-4° C. 

3-82° C. 

M069 

11-6°C. 


The ratio of the two isotopes present in the gaseous mixture 
may be determined by the spectroscope, by the mass spectro- 
graph, by thermal conductivity methods, or the gas may be 
converted to water whose specific gravity may be determined. 

Hitherto, isotopes of the same atomic number have been 
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considered to possess identical chemical properties; the two 
isotopes, H and D, show different chemical activity. The 
percentage mass difference, which is small in other cases, is 
here large, hence the molecular velocity of D 2 is the smaller. 
Moreover, energy considerations are involved, e.g, the mini- 
mum amount of energy required for fruitful molecular colli- 
sions is higher for Dg than for Hg. In general, deuterium is 
less reactive. Thus, with chlorine, DCl is formed at one- 
third the rate of HCl, whilst the muta-rotation of glucose is 
faster with than with D+, though the opposite holds for 
the inversion of cane sugar. 

Interesting reactions occur when D interchanges with H, 
as happens catalytically with water: 

HD 4- H*0 HDO h H^. 

A similar interchange occurs rapidly with IloOg and DgO. 
In alkaline DgO, all six H atoms of acetone are rapidly replaced. 
Glucose interchanges only the hydroxyl hydrogen, while 
benzene is inert in the absence of catalysts. New compounds 
containing deuterium thus arise, e.g. DCN, CH3COOD 
(deutacetic acid). By the reaction of MggNg with DgO there 
results deuteroammonia, ND3, M.P. — 74® C. (NHg melts 
at -77-8® C.). 

The importance of deuterium is obvious; it is useful in 
syntheses, as a hydrogen ** indicator ’’ in reactions (as O^® is 
for oxygen), in kinetic studies, and lastly, the deuteron, D**", 
is used as a heavy projectile to effect nuclear transformations. 

By means of y-rays, Chadwick (1934) has succeeded in 
breaking up the deuterium nucleus thus: 

D — proton -f neutron. 

Tritium. There are indications that a third isotope exists, 
H3 = 3-1015. It is present in ordinary water to the extent of 
7 parts in 10^®. This must not be confused with H 3 , hyzone. 


CD 170) 
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GROUP VII 

Sub-group A Sub-group B 

i 9 F (19*0) 
in Cl (36*46) 

26 Mn (64*94) 136 Br (79.916) 

43 Tc (99) |63 I (126*91) 

76 Re (186*31) i86 At (210) 

THE HALOGEN ELEMENTS 
Fluorine^ Chlorine, Bromine, and Iodine 

Of the six best-known members of the seventh group, the 
four halogen elements, fluorine, chlorine, bromine, and iodine, 
form a family of closely allied elements; whilst manganese and 
rhenium are in most respects quite dissimilar from them. 

Fluorine is the most electro-negative of all the elements, 
and the characteristics of the halogens as a class are almost 
entirely electro-negative in accordance with the positionsi they 
occupy as terminal members of the various periods. 

There is an increase of electro-positiveness from fluorine 
through chlorine and bromine to iodine, and a corresponding 
decrease in chemical activity towards hydrogen and all 
elements which manifest any electro-positive properties. 

The extraordinary affinity of fluorine for hydrogen, which 
is manifested by its power of combining with this element in 
the dark, and displacing chlorine from hydrogen chloride, has 
been supposed to be accompanied by complete inability to 
combine with oxygen. Nevertheless it has been shown ♦ that 
a gaseous oxide of fluorine, probably F 2 O, is formed in the 
electrolysis of molten acid potassium fluoride below 100*^ 
in the presence of water. The gas has been obtained, not pure 
but mixed with oxygen; and such a mixture has the odour of 
fluorine, is soluble in alkali and liberates iodine from potassium 


* Lebeau and Damiens, Compt. rend. (1927), 185 , 652. 
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iodide, but is stable in the presence of water, in which it 
is only sparingly soluble. The oxide F2O2 also exists: it de- 
composes above — 100° C. 

A notable characteristic of tluorine is the formation of poly- 
fluorides such as SFe, SeF^, TeFg, OsFg, when the corre- 
sponding chlorides do not exist. In these fluorides the elements 
forming them employ their highest valencies, and since the 
compounds are gaseous, or at least volatile, though they show 
no tendency to dissociate, the fluorine atoms within them 
must be intimately linked with the nuclear atoms, and 
neutralize them, so that there is no superfluous field of attrac- 
tion to promote association and cause non-volatility. 

Nitrogen forms a stable fluoride, NF3, whilst fluorides of 
the other elements of the fifth group are well known. Fluorine 
forms with other halogens the compounds: 

GIF, BrF; GIF,, BrFs; BrFs, IF 5 ; IF,. 

It does not unite directly with gold or platinum, although 
these metals are attacked by chlorine. 

The stability of the compounds which the halogens form 
with oxygen increases from chlorine to iodine, though in some 
at least of its reactions bromine shows less affinity for oxygen 
than chlorine. Thus the superior affinity of iodine for oxygen 
is shown by the fact that it displaces chlorine from potassium 
chlorate according to the reaction 

2 KGIO 3 + I* - 2KI08 -f Gl*, 

and also by the direct oxidation of iodine to iodic acid by 
means of nitric acid. This increase in stability of oxygen 
compounds, with rising atomic weight, is the opposite of what 
obtains in Group VI B. 

With reference to other inter-halogen compounds it may be 
remarked that with bromine the monochloride, BrCl, is 
known, and iodine gives ICl, ICI3, and IBr. For the most 
part, inter-halogen compounds are formed by direct union. 
It will be observed that the power possessed by the halogens 
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of forming compounds with one another depends upon the 
electro-chemical difference between the atoms forming the 
compounds. 


Preparation of the Halogens 

The following methods are available: 

(i) Oxidation of the hydracid in aqueous solution. 

(ii) Electrolysis of halides under favourable copditions, 
secondary reactions being guarded against. 

(iii) The decomposition of a perhalide by heat, \ just as 
oxygen is obtained by the decomposition of manganese or 
lead peroxide. 

(iv) Displacement of one halogen by another. 

(i) The oxidation of a hydracid according to the reaction 
2HX + O - H,0 I X 2 


depends essentially upon the looseness of attachment of the 
halogen element to hydrogen. Now, since fluorine combines 
with hydrogen in the dark, and decomposes water instantly, it is 
not to be expected that this element will be obtained by the 
above reaction. The other halogens, however, in accordance 
with their decrease in electro-negativeness from chlorine to 
iodine, may be prepared by the use of oxidizing agents with in- 
creasing ease. If a mixture of air or oxygen with the moist 
hydracid is passed through a heated tube, no change takes place 
in the case of hydrofluoric acid, partial oxidation with hydro-' 
chloric acid, and more rapid and complete action with hydro- 
bromic and hydriodic acids. When the moist hydracids are 
mixed with oxygen and exposed to sunlight the reaction extends 
from zero with hydrofluoric to a maximum with hydriodic acid, 
the same being true of solutions of the acids in water. This 
gradation of oxidizability is further illustrated by the fact that 
sulphuric acid, which does not oxidize hydrogen chloride, 
liberates bromine and iodine from their hydracids when they 
are being prepared by warming that acid with bromides and 
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iodides respectively. The possibility of the reverse action, in 
which the free element decomposes water, diminishes rapidly 
on passing from fluorine to the other halogens. Upon this 
diminution depends the loss of bleaching power on passing 
from chlorine to bromine and iodine. 

(ii) Whilst chlorine, as well as bromine and iodine, can 
be obtained by the electrolysis of aqueous solutions of the 
corresponding alkali halides, it is obvious that fluorine cannot 
be obtained by this method in the presence of water. The 
means by which Moissan, in 1886, obtained fluorine consisted 
in the application of this powerful method of decomposition 
to a solution of potassium fluoride in anhydrous hydrofluoric 
acid, such a solution being an anhydrous electrolyte. 

(iii) The applicability of the third method depends upon 
the existence of polyhalides of certain elements which are 
more stable at low than at high temperatures. Considering 
fluorine, for instance, and the compounds it forms with ele- 
ments from the first group onwards: whilst the mono-, di-, and 
trifluorides of the first three groups respectively will not 
undergo such decomposition, in the fourth group a condition 
is reached in which the atoms of certain elements, whilst 
forming tetrafluorides, do not manifest sufficient affinity for 
fluorine to retain four atoms in combination at high tempera- 
tures. Thus cerium tetrafluoride was found by Brauner, in 
1882, to break up, when heated, into fluorine and a lower 
fluoride. Fluorine was also obtained later by the same chemist 
by the action of heat on potassium hydrogen fluorplumbate, 

KaHPbFg = KaPbF, + HF 
KaPbF, - 3KF + PbFa + F,. 

In the same way PbCl^ easily breaks up into PbC^ and Clg, 
and in the familiar process for the preparation of chlorine 
from manganese dioxide and hydrochloric acid, manganic 
chloride, MnCIs, is formed as an intermediate product which 
breaks up into manganous chloride and chlorine when heated. 

(iv) Each halogen will displace from combination those 
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which follow it in the group. Chlorine is thus used to displace 
bromine or iodine in analysis and chemical manufacture. 

An examination of the physical properties of the halogen 
elements, as given in the table on the following page, shows a 
regular gradation from fluorine to iodine. This is manifested 
in the rise of melting- and boiling-points, and in deepening 
colour; the densities of the liquid elements likewise ^crease 
in the same order. Solubility in water, however, diminishes 
from chlorine to iodine. Power of dissociation of me di- 
atomic molecules into atoms by heat increases from fluorine 
to iodine. No dissociation has been observed in the case of 
fluorine gas; chlorine manifests a sensible diminution in 
density above 1450°; the density of bromine vapour becomes 
two-thirds of its normal value at 1570°; whilst in the case 
of iodine the density of the vapour begins to diminish at 700° 
and becomes half its normal value at 1700°, above which tem- 
perature the element exists in the atomic state. 

This increase in readiness to dissociate with rise of atomic 
weight and increase in electro-positiveness, is consistent with 
an approximation to the character of metallic vapours, which, so 
far as observation goes, appear to exist in a monatomic state. 

Relationships between the chemical characters of these ele- 
ments appear in the study of their compounds. More chemical 
differences will be observed between fluorine and chlorine 
than between the other successive members of the group; it 
has previously been seen that the properties of the first 
member of, a group are somewhat exceptional. Chlorine, 
bromine,and iodine,indeed,form a triad of elements, the atomic 
weight of bromine standing midway between those of chlorine 
and iodine. Fluorine stands outside this triad by reason of 
many of its properties. This is illustrated in the following 
table of atomic numbers and weights and their differences: 


At. Numbers. Differences. At. Weights. 

F . . . . 9 a 

Cl . . . . 17 ® 85-46 

Br . . . . 35 79-92 

I . . . . 53 ^ 126-92 


Differences. 

16-46 

44-46 

47-00 
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* Knov^n only in aqueous solution. 
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Halogen Hydracids and their Salts 

Of the hydracids of the four halogen elements hydrofluoric 
acid is the most and hydriodic acid the least stable. The 
heats of formation of these four compounds from their elements 
are: 

HF 386K 

HCl 220 K ! 

HBr 84K 

HI -60K 

These figures represent the relative stabilities of the four 
acids. Fluorine will therefore displace chlorine, bromine, and 
iodine from their compounds with hydrogen or i^etals, 
chlorine will displace bromine and iodine, and bromine will 
displace iodine only. 

Reference has already been made to the fact that hydro- 
bromic and hydriodic acids cannot be obtained pure by the 
action of concentrated sulphuric acid upon the corresponding 
alkali salts. Bromine and iodine respectively are liberated 
owing to the oxidation of the hydracids by siilphurid acid 
in the following way: 

2 HX + H 2 SO 4 - SO 2 + 2 H 2 O + X 2 . 

This is quite in accord with what has just been learned regard- 
ing the instability of these acids. 

These reactions are reversible, however, hydrobromic and 
hydriodic acids being produced by interaction of halogen and 
sulphurous acid in dilute solution. 

Hydrogen bromide, and more especially hydrogen iodide, 
are therefore reducing agents, because of the ease with which 
they separate into their elements at moderate temperatures. 
A consideration of the reversible reaction 

2HX Ha + Xo 

shows that the reaction from left to right, which is almost if 
not quite non-existent in the case of fluorine, increases in ease 
regularly through chlorine and bromine to iodine. Such dis- 
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sociation, which constitutes an ordinary reversible reaction in 
the absence of an oxidizing agent, is, however, promoted by 
sulphuric acid and other substances which have the power 
of removing hydrogen from the hydracid, oxidizing it to 
water. 

This decomposition of hydrobromic and hydriodic acids is 
avoided by substituting phosphoric for sulphuric acid in their 
preparation, or by the method in which the element is made 
to react with red phosphorus and water: 

2P + 5 X, = 2PX5 
2PX5 + 8 H ,0 = 2H5PO4 + lOHX. 

Whilst hydrogen fluoride resembles hydrogen chloride in 
its manner of preparation and some of its properties, it differs 
from the latter, and from the other halogen acids, both in its 
physical properties and in the nature of the salts which it 
forms. Hydrogen fluoride boils at 19 - 4 ° under atmospheric 
pressure, whilst the boiling-points of hydrogen chloride, 
bromide, and iodide are respectively — 83 - 1 °, and 

~- 35 • 5 ^ 

This difference is to be explained by the fact that the 
molecules of hydrogen fluoride exhibit a tendency towards 
polymerization, so that the molecular weight of this compound 
is found to be even greater than that of hydrogen chloride 
under similar circumstances. It has been found, moreover, 
that the vapour-density of hydrogen fluoride gas varies from 
25*6 at 26 * 4 :® to 10-3 at 88^, so that the gas consists of 
H2F2 and even larger molecules. It is not surprising, there- 
fore, that acid salts such as KHFg exist, and that they are 
oroken up by heat. Fluorine has been regarded as trivalent in 
these compounds; but a more recent view is that one hydrogen 
atom becomes bivalent, and links the two fluorine atoms 
forming the univalent anion: [FHF] . A difference between 
hydrofluoric and the other hydracids is also illustrated by the 
existence of such compounds as HgSiFu and HBF4. 
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It must further be observed that the fluorides of certain 
metals differ from the corresponding chlorides, bromides, and 
iodides. Calcium fluoride, for instance, is insoluble in water, 
whilst the chloride, bromide, and iodide of this metal are 
soluble; and, on the other hand, silver fluoride is a soluble, 
deliquescent salt in contradistinction to the other halides of 
silver, which are insoluble in water. Mercuric fluoride, too, 
differs from the chloride, bromide, and iodide in being com- 
pletely hydrolyzed by water, thus resembling the oxy^alts of 
this metal. \ 

The solubilities of the hydracids in water are as follows, the 
figures representing the weight of acid which dissolves in 
1 gramme of water at 10° C.: 


HF .. 

. . . . 

. . 3-32 (at 0' 

HCl .. 

. . . . 

0-77 

HBr .. 

. . • • 

210 

HI .. 

. . . * 

2-48. 


Again it is seen that hydrofluoric acid is exceptional, its 
greater solubility being probably connected with its greater 
condensibility. 

Lastly, the relative strengths of the halogen hydracids must 
be considered. 

The following table gives the heats of neutralization and 
the avidities as determined by Thomsen: 




Heat of 
Neutralization 

“ Avidity *’ 

HF 

, , 

. . 163 K . 

. . . 0 05 

HCl .. 


, . 137 K . 

... 1 00 

HBr .. 


.. 138 K . 

. . . 0-89 

HI 

•• 

. . 137 K . 

. . . . 0-70 

The degree of electrolytic 

dissociation 

of these acids at 

different states of dilution is given by the following table 

(Ostwald): 




Dilution 

HF 

HCl 

HBr HI 

10 litres . . 

. . 010 

0-95 

0*95 0-95 

100 litres . . 

. . 0-26 

0-98 

0-98 0*98 

1000 litres 

. . 0*59 

0-99 

0-99 0-99 
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Since the strength of an acid is indicated by the degree ot its 
electrolytic dissociation at a given dilution, it is manifest that 
whilst HCl, HBr, and HI are strong acids of about equal 
strength, HF is a much weaker acid. The values for avidity 
obtained by Thomsen indicate the same fact. Thus hydro- 
fluoric acid is largely displaced from sodium fluoride by the 
stronger hydrochloric acid. It is important, therefore, to re- 
cognize that the relative strengths of these acids are not in 
the order of the electro-negativeness of the halogen elements 
which they contain, or of their relative stability. The weak- 
ness of hydrofluoric acid is at first sight surprising, since it 
would be thought that such an extremely active and electro- 
negative element as fluorine must needs produce a powerful 
acid. Now if an atom of fluorine were a constituent of the 
molecule of an oxyacid, it would no doubt by its presence 
promote the separation of hydrogen ions just as chlorine does 
in the chloracetic acids, the strength of the acid thus being 
increased by substitution. In the case of hydrofluoric acid, 
however, the fluorine atom is united directly to the hydrogen 
atom of the acid; and, moreover, the acid is exceptional in 
forming molecules of H 2 F 2 which constitute the imperfectly 
ionized monobasic acid H[FHF]. 

The excess of heat of neutralization of hydrofluoric acid 
over 137K (viz. 26K) is the heat evolved by the acid in 
reaching a state of complete ionization in solution during the 
process of neutralization. 

Oxides and Oxyacids of Chlorine, Bromine, and Iodine 

The following are the types of oxyacids formed by these 
elements: 

HOX, e.g. hypochlorous acid HOCl 
HOXO, e.g. chlorous acid HOCIO or HClOg 
HOXOa, e.g. chloric acid HOClOg or HCIO3 
HOXOa, e.g. perchloric acid HOCIO3 or HCIO4. 

Only in the case of chlorine is the series complete; bromous 
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acid possibly exists, but not perbromic acid, HBr04; iodous 
acid, HlOg, is unknown. 

Of the anhydrides corresponding with these acids, namely 
XgO, XgOg, X2O5, and X2O7 respectively, chlorine forms ClgO 
and CI2O7, iodine I2O5, and possibly I2O7, whilst bromine 
forms Br20. Other oxides known are, CIO2, Cl20e, CIO4; 
BrOj, (BrjOg),; lOj, I4O9 and IO4. j 

Acids of the type HOX are weak and unstable. On account 
of their feebly acidic character they may be represented as 
derivatives of water,* in which one hydrogen atom is replaced 
by halogen thus: \ 

II— O— H ; H— O— X; \ 

and indeed halogen can displace hydrogen from water itself to 
some extent according to the reaction, 

HOH + X 2 HOX + HX; 

and if cold dilute alkali is employed, so that the acids pro- 
duced are neutralized, the change is completed according to 
the equation 

2 KOH + X 2 - KOX + KX h H 5 .O. 

The weakness of these acids is further shown by the fact that 
they are completely displaced from combination by such weak 
acids as carbonic and acetic acids. If, accordingly, chlorine 
gas is passed through water containing finely-divided chalk in 
suspension, whilst the hydrochloric acid formed by the action 
of the chlorine upon the water is neutralized by the chalk, 
the hypochlorous acid produced at the same time remains 
uncombined: 

CaCOa 4- 2 Cl, I IlgO - CaClg + 2HOCI + COg. 

•To the view that the weakness of, e.g., HOCl may be attributed to the fact of its 
being a c’erivative of water it might be objected that potassium and sodium hydroxides, 
being likewise derivatives of water, are strong bases. The cases, however, are not 
parallel, since the halogen has to cause the separation of H ions and the alkali metal 
of OH ions. No single element, indeed, in combination with hydroxyl alone is 
known to form a powerful oxvacid. The presence of adjacent negative atoms or 
groups combined with an element is necessary before any considerable separation of 
hydrogen ions occurs. 
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If sodium sulphate is substituted for calcium carbonate the 
reaction may be represented as follows: 

NajSO* + Ch + H2O - NaHSO* -f NaCl -f HOCl; 

the fixation of the hydrochloric acid by reaction with Na2S04 
allowing of the formation of HOCl in quantity. Hypochlorous 
acid may be conveniently prepared in solution by distilling a 
hypochlorite with dilute nitric acid; or by saturating bleaching- 
powder solution with chlorine, and distilling after displacing 
excess of chlorine by air: 

Ca(OCl)2 + 2CI2 + 2H2O - CaCh + 4HOC1. 

A general method for the preparation of acids of the type 
HOX consists in digesting the halogen and water with preci- 
pitated mercuric oxide, the following reaction taking place: 

HgO f 2 X 2 h H 2 O - HgXs 4 2HOX. 

If excess of mercuric oxide is employed, an insoluble basic 
halide is formed, and a pure solution of the acid obtained by 
filtration, thus: 

2HgO + 2X, i H 2 O - HgO-HgXa 4 2HOX. 

The oxide of mercury serves the purpose of removing the HX 
acid from the system, the HOX acids not being sufficiently 
strong to form salts with this oxide. 

Owing to their instability none of these acids has been 
obtained pure; but solid calcium hypochlorite results when 
chlorine is passed into milk of lime, and the resulting solu- 
tion is evaporated under reduced pressure. The dried salt 
is more efficient than bleaching-powder. 

Sodium hypochlorite* has been obtained by passing 
chlorine into concentrated sodium hydroxide solution, cooled 
in ice water. After separation of sodium chloride, hair-like 
crystals of the hydrated salt are formed at —10°. These are 
probably NaOCl, THgO, but the pentahydrate NaOCl, SHgO 


♦ Applebey, Chan. Soc. Tram. (1919), 115 , 1106. 
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Is obtained when these crystals are melted at 18-19®, and 
the solution is then cooled to 10®. 

The stability of acids of the type HOX diminishes from 
chlorine to iodine, just as the stability of the hydracids them- 
selves diminishes. Hypoiodous acid is, however, much less 
stable than the other two, and cannot be distilled. The in- 
stability of these acids depends first of all upon a ter|dency 
to split off oxygen thus 

HOX = HX + O; 

the preparation of this gas from bleaching-powder by the ipata- 
lytic action of cobaltous oxide depends on this reaction: \ 

Ca(OCl)a + 4CoO - CaCla 4- 2 C 02 O 8 ; 200*08 = 4CoO + Og. 

Hydracid also separates halogen in the following way: 

HOX -f HX - HaO + X*. 

The acids themselves, therefore, may yield halogen as well as 
oxygen by spontaneous decomposition, but when liberated 
from their salts by excess of halogen acid, halogen only will 
be evolved. Instead, however, of being evolved in the gaseous 
state, the oxygen liberated in the decomposition of HOX acid 
may oxidize the acid itself, producing a higher oxyacid of the 
type HOXOg. Salts of these acids especially are produced 
when alkali hypochlorites are decomposed by heat, there being 
no free hydracid to cause evolution of halogen; thus: 

:^NaOX - NaOXO* + 2NaX. 

This tendency towards the formation of salts of the type 
MOXOg is increased by excess of halogen, and diminished by 
excess of alkali. The formation of chlorate by the action 
of excess of chlorine accounts for the occasional spoiling of 
bleaching-powder in the process of manufacture. 

The tendency of hypoiodite to pass into iodide and iodate 
is much greater than in the case of the corresponding chlorine 
and bromine compounds, as will be seen later. 
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Anhydrides of the type XgO.—The monoxides, ClaO, 
and BfaO, are the only compounds of this type which exist; 
and just as hypochlorous acid is prepared by the action of 
chlorine on mercuric oxide. and water, so its anhydride is 
formed when chlorine reacts with dry mercuric oxide, thus: 

2HgO -h 2Cla - Hg^OCl* + 01*0. 

Bromine monoxide is prepared similarly. 

Chlorine monoxide is an unstable gas which yields 
hypochlorous acid with water. Distinct though small 
quantities of ClaO are present in aqueous solution, so that 
there exists the equilibrium: 

2HOC1 H2O + ClgO. 

Fluorine monoxide does not behave as an anhydride. 

The non-formation of iodine monoxide may be connected 
with the less stability of hypo-iodous acid, as compared with 
hypochlorous acid; in this case the anhydrides are less stable 
than the corresponding acids, though this is by no means 
generally the case. Sulphur dioxide, for instance, is more 
stable than sulphur trioxide, though sulphuric is much more 
stable than sulphurous acid. Carbonic and chromic anhydrides 
are likewise much more stable than the corresponding acids. 
There appears, therefore, to be no simple connection between 
the stabilities of an acid and its anhydride. 

Dioxides XOg. — All, except fluorine, form dioxides. 
Chlorine dioxide or peroxide is a heavy, dark-yellow explo- 
sive gas, which results from the self-oxidation and reduction of 
chloric acid, liberated from a chlorate by strong sulphuric acid: 

SHClOs = HCIO4 + 20103 + H3O. 

A safer method for preparing the gas is to substitute oxalic 
for sulphuric acid. The solution of this gas in water is yellow 
and unstable, and contains the hydrate CIO2, SHgO. When 
dissolved in alkali, ClOg forms chlorite and chlorate thus: 


2C10a + 2K0H = KCIOj + KCIO, + H»0. 
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On account of this reaction, CIO2 has some claim to be con- 
sidered the mixed anhydride of chlorous and chloric acids. 

Iodine dioxide * is formed by heating iodic acid with con- 
centrated sulphuric acid until eyolution of iodine begins to 
accompany that of oxygen : 

4HIO3 - 2H2O + 41O2 + O2. 

The pure compound is a lemon-yellow solid, decomposing into 
iodine pentoxide and iodine at 130 °. Its reactions witl^ hot 
water and aqueous alkali are as follows: 

IOIO2 + 4H2O - 8HIO3 + I3 
6IO2 + 6KOH - 5KIO3 + KI + 3H3O. \ 

Thus IO2 does not appear to resemble CIO2 in anhydride 
character, probably because it is really a basic salt of tervalent 
iodine 01(103). 

Acids of the Type HOXO 

Chlorous acid, HCIO2, is itself unknown, but some of its 
salts can be prepared. 

Besides being produced in the reaction between chlorine 
dioxide and sodium hydroxide, sodium chlorite is formed 
when an aqueous solution of the former is added to sodium 
peroxide, mutual reduction with evolution of oxygen resulting 
in the formation in solution of chlorite only: 

2 CIO 2 + NagOa = 2NaC102 + Og. 

Several solid chlorites are known, but they are very unstable. 

Bromous acid, HBrOg, is said to be formed f when bromine 
is added to saturated silver nitrate solution, thus: 

Bra + AgNOa + H 2 O - AgBr -f HNO 3 + HBrO 
Br* 4* 2 AgN 03 + HBrO + HjO = 2 AgBr + 2HN08 + HBrOj. 

Acids of the type HOXOg (Chloric, Bromic, and Iodic 
Acids) and their Salts. — It has already been shown that 

• Muir, Chem, Soc, Trans. (1909), 95 , 656. 
f Richards, y. Soc. Chem, Ind. (1906), 25 , 4 
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alkali salts of the type MOX readily pass into the more stable 
[MOXOg + 2MX] by self-oxidation and reduction thus: 

3MOX - MOXO 2 + 2MX. 

There does not appear to be much distinction between chlorine 
and bromine in respect to the above reaction, but in the case 
of iodine this reaction is much more rapid, taking place even 
in cold, dilute solution; for not only are the hypoiodites much 
less stable than the corresponding chlorine and bromine com- 
pounds, but the iodates are much more stable than the chlorates 
or bromates, as the following heats of formation show: 

Cl Br I 

H, X, O3, Aq .. .. 239 K 122 K 559 K. 

Chlorine has no action on bromic or iodic acid, and these can 
be obtained by passing chlorine into bromine water, or into 
iodine suspended in water, the following reaction taking place: 

X 2 + 5 CI 2 + 6 H 2 O = 2 HXO 3 4- lOHCl. 

Chloride of bromine or iodine is probably first formed; this 
then yields hypobromous or hypoiodous and hydrochloric acids 
by the action of water, the chloranhyd rides being thus hydro- 
lyzed; the former then give bromic or iodic acid by spon- 
taneous change. 

Potassium bromate is also formed when chlorine is passed 
into a warm solution of potassium bromide and hydroxide, 
thus: 

KBr + OKOH + 304 - KBrOs + 6KC1 -f SH^O. 

Chlorine, therefore, has no power to decompose potassium 
bromate. 

The superior stability of iodic acid is shown by the fact that 
iodine displaces chlorine and bromine from chloric and bromic 
acids respectively, forming iodic acid. Potassium iodate may 
be obtained by heating iodine with potassium chlorate. 

The reaction, however, which affords most striking evidence 
of the difference between iodic acid and the corresponding 
acids of chlorine and bromine is the direct oxidation of iodine 
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by nitric acid, with production of iodic acid in solution. This 
acid may be crystallized from its aqueous solution, whilst 
chloric and bromic acids are known only in such solution; 
and when heated to 170 ^ it loses water and leaves iodic an- 
hydride, I2O5, as a white, crystalline powder, which is decom- 
posed into its elements at 300 °. 

Iodic acid is further distinguished from chloric and bromic 
acids by the nature of some of its salts; for althouffh the 
neutral alkali iodates are derivatives of a monobasic peta- 
acid, HIO3, analogous to chloric and bromic acids,! acid 
salts, such as KHI^Oe or KIO3, HIO3, and KH2I3Q9 or 
KIO3, 2HIO3 known. Moreover, molecular weighi\ de- 
terminations show that in concentrated solution the free acid 
is H2I2O3, and in dilute solution HIO3. H2l20e is dibasic, 
and comparable in strength with H2Se04; but when it is 
neutralized by potash it produces not K2I2O3 but 2KIO3. 
This acid forms a complex monobasic acid with molybdic 
anhydride, the analogy of whose potassium salt to potassium 
di-iodate is shown by the following formulae: 

K0I=0 0=^0H ; K0I=0 MoO,. 

When potassium di-iodate is neutralized in solution by one 
equivalent of potash, it breaks up into two molecules of KIOs. 
Iodates show a marked contrast with chlorates in their solu- 
bility in water; for, whilst all chlorates are freely soluble, the 
iodates, with the exception of those of the alkalis, are sparingly 
soluble or insoluble. 

Action of HXO3 on HX Acids. — In general this action 
will involve an oxidation of the hydracid at the expense of 
the oxygen of the oxyacid. The nature of the reduction 
product will depend on the existence and stability of the lower 
oxides or oxyacids of the particular halogen considered. 

In the case of chloric acid chlorine dioxide is the reduction 
product, and the reaction is as follows: 

2HCIO, + 2HCI - 2H,0 + 2C10, + Cl,; 
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but with bromic and iodic acids the element itself is liberated 
in each case, thus: 

HBrOa H- 5HBr = 3HjO + 3 Br* 

HlOa + 5HI - 3 H 2 O + 8 I 2 . 

It is necessary for the free acids to be present, the correspond- 
ing alkali salts having no action on one another. 

Acids of the type HOXOg.—The highest type of halogen 
oxyacid, HOXO3, in which the halogen is septivalent, is 
represented by perchloric and periodic acids and their salts. 

Perchloric acid is obtained, together with chlorine and 
oxygen, when attempts are made to concentrate an aqueous 
solution of chloric acid; and also when a strong solution of 
the latter acid is exposed to sunlight. Likewise, when potas- 
sium chlorate is carefully heated it may be transformed into 
perchlorate according to the reaction 

4KC10s - 3 KCIO 4 H KCl, 

although there is generally loss of oxygen according to the 
reaction 

2KC108 - KCIO4 + KCl + O*. 

Further, when sulphuric acid acts upon an alkali chlorate 
perchloric acid results, together with chlorine dioxide; but 
when potassium perchlorate is heated with sulphuric acid, 
perchloric acid distils. These facts illustrate the superior 
stability of perchloric acid and the perchlorates, and thus a 
progressive rise of stability can be traced in the chlorine 
oxyacids from hypochlorous to perchloric acid. Aqueous 
solutions of perchloric acid and its salts are so stable as to 
resist reduction by hydrochloric and sulphurous acids; the 
anhydrous acid is, however, unstable, and explodes with 
violence on contact with oxidizable bodies. It is therefore 
perchlorate ions which manifest this stability, and not the free 
acid. Perchloric acid forms several hydrates, of which the 
monohydrate HCIO4, HgO, is crystalline at atmospheric 
temperature. The anhydride of this acid, CI2O7, has been 
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obtained by leaving the anhydrous acid in contact with phos- 
phoric oxide kept below — 10 ®. It is a colourless oil, boiling 
at 82 ®, which explodes on percussion. 

Perbromic acid and its anhydride have not been obtained. 
When attempts are made to prepare the acid or its salts, by 
methods analogous to those which yield perchlorates, a bromide 
or oxide results, with evolution of oxygen, or bromir^ and 
oxygen. 1 

Periodic acid is formed by the action of iodine in an 
aqueous solution of perchloric acid, and by the electrWytic 
oxidation of iodic acid. It crystallizes with two molecules of 
water, HIO4, 2H2O. Crystallized perchloric acid contains 
one molecule of water, but this important difference exists 
between these two hydrates: that whereas only salts of meta- 
perchloric acid exist, so that the molecule of water in the 
crystalline acid must be regarded simply as water of crystal- 
lization, in the case of periodic acid salts of a pentabasic acid 
are well known, and therefore the formula must be written 
HglOg. The barium salt of this acid is obtained by the ignition 
of barium iodate: 

5Ba(I03)2 Ba5(IOe)2 I f OOg, 

whence the free acid may be obtained in solution by precipi- 
tating the barium with the requisite amount of sulphuric acid. 

The nature of periodic acid is further shown by the following 
reactions. When sodium iodate is oxidized by cold dilute 
nitric acid, silver nitrate precipitates from the solution the 
salt Ag2H3l06, and when this salt is dissolved in hot dilute 
nitric acid, and the solution evaporated on the water bath, 
crystals of the salt AgI04 separate, the removal of AggO by the 
nitric acid causing the silver salt of the meta-acid to be formed 
thus: 

2Ag2H3lOc + 2HNO3 - 2AgIo7 -f 2 AgN 03 -f Uifi. 

This metasalt is acted on by water, however, in this way: 

2 AgI 04 + 4H2O - HJOe + AgjHalOe, 
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a reaction which is in accord with the fact that when periodic 
acid crystallizes freely from water it is the form HglOg and not 
HIO4 which separates. 

It is possible, however, to dehydrate HglO^ by heat so as to 
produce HIO4. This cannot be done under ordinary pressure, 
for the acid begins to decompose at 110° into iodic acid, 
oxygen, and water vapour; ^ but under a pressure of 12 
mm. H5lO(j is gradually transformed into HIO4; the anhy- 
dride I2O7 has not, however, been obtained. 

The following silver periodates can be precipitated from 
a periodate solution in presence of nitric acid of different 
concentrations: f AggHglOe; AggHIOg; AgI04, HgO, which 
can be dehydrated at 130°; and the diperiodates Ag4l209, 
SHgO, Ag4l209, HgO, and Ag4l209. The even more complex 
salts M-8l20ii, and M*i2l20i3 are known. 

The derivation of the various periodic acids is shown in 
the following scheme. The nomenclature is that of Kimmins.J 


I2O7 

l20e(0H)2 = 2IOsOHorHI04 
l206(0H)4 or H4I2OP 

l204(0H)e = 2I02(0H)3 or H3IO5 
I^OnCOHla or HalaO,, 

l80o(OH)io = 2I0(0H)5 or HglOe 
l20(0H)i2 or UuhOin 

l2(OH)i4 = 2I(0H)7 


unknown anhydride 
metaperiodic acid 
dimesoperiodic acid 
mesoperiodic acid 
diparaperiodic acid 
paraperiodic acid 

unknown orthoacid. 


The soluble salts of the polybasic periodic acids suffer hydro- 
lysis in water, and give an alkaline reaction with litmus. They 
share this property with other polybasic acids such as phos- 
phoric acid. They may also be considered as basic salts; 
for instance, NaglO* may be written NaI04, 2Na20. 

Periodic acid and its salts are more stable than their chlorine 
analogues. The hydroxylation of the anhydride beyond the 
meta- stage, in the oxyacids of this group, occurs only with 


• Lamb, Amer. Chem, J, (iQoa). 27 , I 34 * 
t Kimmins, Chem. Soc. Tram. (1887), 51 367* 
i Chem. Soc. Tram. (1889), 55 , 148, 
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periodic acid, though the existence of H2l20e shows a doubling 
of the molecule. Periodic resembles iodic acid in forming 
complex acids and salts with molybdic and tungstic anhydrides 
of the general types 

mM'aO, I2O7, ifMoOa, XH 2 O 
mM’jO, I2O7, nWOa, «HaO. 


Relative strengths of the halogen oxyacids. — Litkle can 
be said on this subject beyond the statement that acids W the 
type HOX are exceedingly weak, as indeed appears above, 
and that the strength of the acids increases with the addition 
of oxygen. Chloric acid, for instance, is known to be nWrly 
as strong an acid as hydrochloric, and the same relationship 
is probably true in the case of the oxyacids of bromine and 
iodine. 


Certain Other Iodine Derivatives 

Iodine, in distinction from the other halogens, forms several 
types of organic derivatives in which the element is polyvalent; 
and these compounds, by virtue of their properties and consti- 
tution, suggest analogies between iodine and nitrogen as well 
as some other elements in the fifth and sixth groups of the 
periodic system. 

Iodine trichloride, ICI3, a yellow crystalline substance, 
formed by the action of chlorine on the red monochloride, or 
of liquid chlorine on iodine, is very unstable, easily decom- 
posing again into ICl and CI2. It is slowly decomposed by 
water and alkalis into hydriodic, iodic, hydrochloric, and 
chloric acids or their salts, so that iodous acid, of which iodine 
trichloride is the chloranhydride, and the alkali iodites are 
unknown. 

If an atom of iodine is associated with the phenyl radicle 
C3H5, the iodobenzene thus resulting, like iodine monochloride, 
is capable of combining with two atoms of chlorine, forming 
phenyl iodosochloride, CeHglC^, in which the iodine atom is 
trivalent; this body is decomposed by dilute aqueous alkali, 
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with the separation of the oxide iodo8obenzene,CeH5l—0, 
whose basic properties are shown by its combination with 
glacial acetic acid, forming the acetate, 


CaHJ<; 


OOC- 

OOC- 


CHa 

CHs. 


This compound also possesses oxidizing properties, owing to 
the ease with which its oxygen atom is split off. Iodine, for 
instance, is liberated by iodosobenzene from hydriodic acid, 

C,HJO + 2HI =- C,HJ + H,0 + I,; 

and this compound undergoes self-oxidation and reduction 
when treated with steam, thus: 

2C,HsIO = C,HsIO, + C,HsI. 

The oxidation product is iodobenzene, or iodoxybenzene, 
which yields up all its oxygen in reaction with hydriodic acid, 
and also reacts with iodosobenzene and silver oxide in the 
following manner: 

C,HjIOj + C,HjIO + AgOH = (C,Hj),IOH + AglO,. 

The product is diphenyliodonium hydroxide, a base which 
is soluble in water, showing a strongly alkaline reaction, and is 
thus a derivative of hypothetical iodonium hydroxide, IHgOH, 
which is comparable in type with hydroxylamine, NH20H. 
The salts of substituted iodonium bases are more nearly 
related in properties, however, to ammonium compounds. 

Theoretical considerations. — It will be of interest to 
inquire how far the existence of these iodonium compounds, 
which were discovered by Victor Meyer, might be suggested 
by analogies furnished by the periodic law. It has been shown 
previously that the analogues of ammonium in the fifth group 
are phosphonium, arsonium, and stibonium respectively, only 
the alkyl derivatives of the two latter basic radicles being 
known; and that bismuth alkyls, although knovm, are devoid 
of basic properties. 

Analogues of these compounds exist in the sixth group in 
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the sulphonium derivatives, which are related to hydrogen 
sulphide as ammonium derivatives are related to ammonia. 
Since, however, hydrogen sulphide possesses slightly acidic 
properties, it is only when the hydrogen is replaced by alkyl 
groups that bases can be formed. Triethylsulphonium hy- 
droxide, (C2H5)3S0H, is a powerful base which displaces 
ammonia from its salts. Analogous selenium and tdllurium 
bases and their salts exist; suitable salts of all three (display 
optical activity. \ 

In the seventh group the two conditions, of comparative 
electro-positiveness of element and sufficient stability m hy- 
dride and its derivatives, are realized only in the c^e of 
iodine. Of course hydrogen iodide is no more able to combine 
with acids to form iodonium salts than hydrogen sulphide to 
form sulphonium compounds, and, as in the case of arsonium, 
stibonium, and sulphonium, as well as oxonium derivatives, it 
is only those in which the hydrogen atoms are replaced by 
hydrocarbon radicles which exist. The following diagram sets 
forth these considerations, power to form basic radicles being 
limited as indicated by the dotted lines ah and bdi 


Gp.VB 

Gp.VIB 

Gp.VIl B 

XR4OH 

XR3OH 

XR.OH 

a 

N 

\ 

F 

P 

> 

S N 

Cl 

As 

Se 

'\Br 


Te 

b'l 

Bi 

— 

— 


Nitrogen, sulphur, and iodine, together with phosphorus, 
arsenic, and antimony, and to a less extent oxygen as well as 
selenium and tellurium, form the basic radicles under dis- 
cussion. Fluorine, chlorine, and bromine are too electro- 
negative to do so; bismuth too electro-positive. 
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Now although bismuth forms no derivatives of the type 
BiR40H, since its affinity for oxygen increases as that for 
hydrogen diminishes, it may be expected to form bases in 
which some of the hydrogen or hydrocarbon residues are 
replaced by oxygen; and Bi(C2H5)0 is a base which forms 
a nitrate, BiC2H6(N03)2. 

Similar compounds of sulphur, selenium, and tellurium exist, 
and increase in basic properties from sulphur to tellurium. 
The three following compounds illustrate this principle: 

Diethylsulphoxidc (C2H6)2SO, feebly basic, liberated from its salts 
by BaCOa. 

Diethylselenoxide (C2H6)2SeO, a stronger base than the foregoing. 

Diethyltelluroxide (C2H5)2TeO, a strong base, possessing an alka- 
line reaction, and displacing ammonia from its salts. 

Combination with an additional oxygen atom is exemplified 
in the sixth group by the sulphones, e.g. diethylsulphone, 
(CaHB),SOj. A priori, these bodies might be expected either 
to be basic peroxides, if the second oxygen is feebly attached, 
or neutral bodies if stable. The sulphones are, in fact, neutral 
substances which are very stable. 

The properties of iodoso- and iodobenzene will now be 
understood in the light of the above remarks, 

lodosobenzene, C«HbIO, is feebly basic, like diethylsulph- 
oxide; and iodobenzene, CeH^lOa, behaves as a basic per- 
oxide. 

The presence of the phenyl rather than the ethyl group 
in these basic compounds is, however, remarkable, since this 
radicle generally confers acidic properties, as is shown in the 
comparison of phenol, CeHsOH, with ethyl alcohol, C,HbOH. 

These considerations show, nevertheless, that m the forma- 
tion of iodonium and allied compounds iodine manifests pro- 
perties which might be expected from the position which it 

occupies in the periodic system. 

That iodine may exhibit basic character has already been 
noted in the polyhalides of Group I A elements: basic 
tervalent iodine occurs in ICI3 and in the salts: 
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I(CH8COO)s; WSOA; IPO4, 
and univalent iodine forms 


[C 5 H 5 N ->I^ NH5C5]N08. 


The dioxide, IO2 or I2O4, is regarded as a basic iodate, and the 
oxide I4O9 as a normal iodate of tervalent iodine, thus: 


Ol(IOa) and 1(108)8. 

The other halogens do not give such compounds, hui there 
is evidence that they may evince basic character in\ their 
reactions. 

The reaction between chlorine and water may be dije to 
the formation and oxidation of chloride ions, thus: 


HjO + Cla ^ 2H+ -I- 2C1- + O. 
Cl- -f O ^ CIO-; 


for whilst a chlorine atom cannot combine with an oxygen 
atom, it may be supposed that a chloride ion can: 




There is, however, no experimental evidence for this, A 
modern way of regarding this reaction is to suppose that the 
CI2 molecule is polar, or at least can divide unsymmetrically, 

and so react with water thus: Cl( 5 +H 0 H=HCi+H 0 Cl. 

From the fact that CI2O exists in aqueous hypochlorous 
acid, it has been inferred that the acid dissociates in two 
ways, thus: 

C1+ 4 - OH- ^ HOCl ^ H+ + OC1-. 

Chlorine monoxide would then result: 

[:ClJ^ + Qo:Cl:J~ = :C1:0:C1: 

Nevertheless HOCl mainly ionizes as an acid and not as a 
base as these considerations would suggest. 

The electronic formulae for the ions of the chlorine oxy 
acids are as follows: 



GROUP VII 


449 


[ *91 • 9 . •] L-o • 91 • * 0 O'" 


.. -R* 

- 

:d; 

idrciio: 


:b:ci:b: 

L J 


^ • n • 


Hydrated perchloric acid HCIO4, HgO is probably hydrox- 
onium perchlorate, [OH3]+C104. From concentrated nitric 
acid Hantzsch ( 1925 ) has obtained similar perchlorates, e.g. 
[(H0)2N0]C104. Pentabasic periodic acid, HIO4, 2H2O, is, 
however, (H0)6l~>0, the oxygen atoms being attached directly 
to iodine, which thus has a valency shell of twelve electrons, 
i.e. seven of its own, and five from the ionizable hydrogen 
atoms. (Cf. Te(OH)e). 

Other Halogen Oxides. — ^The oxide FgO {vide p. 424 ) 
can be prepared by passing fluorine through dilute KOH 
solution. 

Fluorine and oxygen unite directly at low pressure and 
temperature under an electric discharge to give FgOg, a brown 
gas which forms a yellow solid below — 160 ° C. It decom- 
poses irreversibly above — 100 ® C. to give fluorine and 
oxygen. Little is known about this oxide. 

Chlorine hexoxide, Cl20e, forms a red oil (M.P —1° C.) 
when light acts on CIO2, or on a mixture of chlorine and 
ozone. It exists in equilibrium, thus: ClgOg 2Ci03, and 
behaves as a mixed anhydride forming HCIO3 and HCIO4 
with water. 

Chlorine tetroxide, (0104)2, forms in ether solution thus: 

2 AgC 104 + I* = 2 AgI + (0104)2. 


It unites directly with metals forming salts, e.g. CUCIO4. 

The less stable iodine tetroxide is formed similarly. 

The oxide (Br 30 g)„ is a white crystalline solid formed by 
a low-pressure mixture of pure ozone and bromine vapour at 
0° C. It is dimorphous and unstable, and with water )aeld8 
an oxidizing solution (Schumacher, 1929 ). 
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MANGANESE 

For a long time manganese was the only representative of 
sub-group VII A of the periodic classification. Two higher 
analogues of this element, however, exist, masurium (Ma) and 
rhenium (Re), discovered in 1925 . The similarity between 
manganese and the halogens is very slight, as might \be ex- 
pected from the fact that these elements are members\of an 
extreme group. The resemblance is confined, indeed, ro the 
highest oxide, Mn207, and its derivatives; for only when thus 
combined with the maximum proportion of oxygen \does 
manganese exhibit acidigenic properties at all comparable 
with those possessed by the halogens. Permanganic acid, 
HMn04, is thus analogous to perchloric acid, HCIO4, and potas- 
sium permanganate is isomorphous with potassium perchlorate. 
When, however, these compounds are reduced, so that the 
type, R2O7, from which they are derived, is departed from, 
the similarity at once ends; for whilst chlorine maintains 
its electro-negative character in compounds containing no 
oxygen, manganese exhibits relationship with its neighbours 
in the periodic table, chromium and iron, and in its lowest 
oxidized state yields compounds in which the element is 
entirely basigenic. 

Thus manganates, M 2Mn04, are isomorphous with chrom- 
ates, M*2Cr04, so that MnOg is analogous to CrOa*, manganic 
alum, (NH 4)3804, Mn2(S04)3, 241 IgO, is isomorphous with 
(NH4)2S04, Fe2(S04)3, 24H2O, thus showing an analogy 
between MngOg and FcgOg; and, further, certain manganous 
and ferrous salts form isomorphous double salts with alkali 
metals, so that MnO and FeO are analogous oxides. 

With regard to the elements themselves, the contrast be- 
tween manganese, a hard brilliant metal with a high melting- 
point, and chlorine, a typical halogen, is very great; whilst 
the relationship between metallic manganese and chromium 
and iron is very close. 
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Summary of the Oxinrs of Manganese 

MnOt a basic oxide yielding manganous salts. 

a very stable neutral oxide; probably a salt. 

Mn^Og, a feebly basic oxide giving rise to manganic salts. 

MnO,, possesses feebly acidic properties; a basic peroxide. 

MnOs, an acidic oxide — manganic anhydride. 

an acidic oxide — permanganic anhydride. 

Manganous oxide, MnO, and its salts. — MnO is a 
greyish-green powder which readily oxidizes in air to Mn304; 
Mn(OH)2, a reddish-white precipitate quickly oxidizing to 
hydrated MnjOs. Manganous hydroxide is not quite insoluble 
in water, and it is only partially precipitated by ammonia on 
account of the formation of an ammonium double salt which 
removes manganous ions from the solution: 

2MnCl, -t- 2NH4OH = (NH4),MnCl4 + Mn(OH),. 

For the same reason the precipitation of manganous hydroxide 
by atnmnnia is completely prevented by the presence of am- 
monium salts. From such an alkaline solution, however, man- 
ganic hydroxide is slowly separated by atmospheric oxidation. 

The manganous salts are pale pink, their solutions being 
almost colourless. They are stable in the solid state and in 
neutral or acid solution, differing in this respect from ferrous 
salts. The chloride crystallizes with 2, 4, and 6H,0, that 
with 4H3O being in two modifications, one of which is iso- 
morphous with FeClj, 4HiO; it forms numerous double salts. 
The sulphate crystallizes with 1, 4, 5, or 7 H^O, according to 
temperature. MnS04, SHjO is isomorphous with CUSO4, 
5H,0; MnSO,, 4H2O, and MnSO,, TH^O with the corre- 
sponding hydrates of FeSO*; MnSO*, H^O is produced by 
exposure of the other hydrates to dry air. Manganese s^phate 
also forms double salts with the sulphates of the alkali metals 
and ammonium, containing 2, 4, or 6 H2O; e.g. MnS04, 
Na^SOj, 2HjO; MnS04, K2SO4, 4H20; MnS04, (NH4)2S04, 

6H2O. . , , 

Manganous sulphide, MnS, obtained mixed with sulphur 
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by precipitating a manganous salt with ammonium sulphide, 
is a flesh-coloured precipitate soluble in even acetic acid. In 
contact with excess of precipitant it passes into a green crystal- 
line form, which can also be produced in the dry way. Besides 
this green form there appear to be red and grey modifications, 
and the flesh-coloured precipitate may be a mixture of these. 

Mangano -manganic oxide, Mn304, occurs as a dlark-red 
powder, which is very stable at high temperatures, land is 
formed when any of the other oxides is ignited in the air. 

MngO^ is not a simple basic oxide giving rise to a series of 
salts; its behaviour towards acids shows it to be a compound 
oxide, whose composition may be either MnO, MngOs or 
2 Mn 0 ,Mn 02 . It will be useful to compare this oxide with 
the apparently analogous oxides PbgO^ and Fe304. 

There is little doubt that the oxide Pb304 may be considered 
as 2 PbO, PbOg. Fe304, however, must be considered to be 
FeO, FegOg, since no dioxide in which iron is quadrivalent is 
known to exist. Moreover, a hydrated artificial form of this 
oxide may be prepared by precipitating a mixture of ferrous 
and ferric salts with caustic alkali. 

In the case of Mn304, therefore, a correct view of its consti- 
tution depends upon the nature of the oxide MngOg, This 
will be discussed below; meanwhile the following reactions of 
Mn304 may be stated. This oxide dissolves slowly in cold 
concentrated sulphuric acid, forming a red solution which 
contains both manganous and manganic sulphates. Acetic 
acid and boiling ammonium-chloride solution remove MnO, 
leaving MngOg. So far the constitution, MnO, MngOg, is 
upheld. On heating, however, with dilute sulphuric acid or 
with nitric acid, manganous salt and MnOg are formed: 

MnsO* -f 4HN08 = 2Mn(NOs), + MnOa + 2H80. 

This reaction supports the constitution, 2 MnO, Mn 02 . 

Manganic oxide, MngOg, may be obtained as a black 
powder by heating the other oxides in a current of oxygen. 
The corresponding hydroxide, MnO’OH, is formed when 
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manganous hydroxide oxidizes in the air, and also when 
manganic sulphate is decomposed by water. The behaviour 
of this oxide or hydroxide towards acids is significant. The 
hydroxide dissolves in cold hydrochloric acid, forming a 
dark-brown solution, which evolves chlorine when heated. 
In all probability this solution contains MnClj. Neither the 
oxide nor hydroxide dissolves to any extent in cold sulphuric 
acid. Hot strong nitric acid, however, dissolves the hydroxide, 
forming manganous nitrate and precipitating the dioxide: 

2MnO • OH + 2HNO, = Mn(NO,), + MnO, H- 2H,0. 

Manganic salts are very unstable, and are decomposed by 
water. Manganic alums crystallize at low temperatures 
from mixed solutions of manganic acetate and alkali sulphates 
in sulphuric acid, and are also obtained by anodic oxidation of 
mixed solutions of manganous and alkali sulphates. Owing 
to its sparing solubility the cassium alum is the easiest to 
prepare. Crystallized manganic alums are red, and their 
solutions in sulphuric acid are violet, but turn red on dilution, 
and then separate brown Mn(OH)3. 

These facts point to the conclusion that manganic oxide and 
hydroxide possess basic functions and a constitution corre- 
sponding thereto, but that on heating with acids a separation 
takes place into MnO, which dissolves, and Mn02, which is 
precipitated. The constitution of Mn304 and the reactions 
involving the separation of Mn02 represented in 

accordance with this view as follows: 

MnO'MniOi 
Mn,04-^ 1 

'^2MnO*MnO,. 

The combination of Mn203 with MnO suggests the possession 
of feebly acidic properties by the former oxide. Similarly, 
manganic chloride, MnCls, should possess some of the pro- 
perties of a chloranhydride. This is shown probably to be 
the case by the solubility of this compound in ether and 
absolute alcohol, and more particularly by its combination 
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with alkali chlorides (to form, e.g. KgMnClg), and the hydro- 
chlorides of certain organic bases to form compounds of the 
type MnCIg, 2 RHC 1 . The isomorphism of these with corre- 
sponding iron salts bears out the analogy between Mn and 
Fe; though ferric salts are much more stable than manganic 
salts. 

Manganese dioxide or peroxide, MnOa-— -This oxide, 
well known on account of its use in the manufacture of cflilorine, 
is of a dark brown or black colour. \ 

Precipitated hydrated manganese dioxide, obtained by 
adding alkaline hypochlorite to the solution of a manganous 
salt, just as PbOg is obtained from a lead salt, easily 'passes 
into the colloidal state, producing a brown liquid, which is 
acid in reaction. Such a liquid appears to contain manganous 
acid, HgMnOg, or H4Mn04. A similar solution is produced 
transitorily in the titration of hot acidified oxalic-acid solution 
with permanganate, and is well seen when a drop of perman- 
ganate is added to warm oxalic-acid solution. Various com- 
pounds of Mn02 with basic oxides are known. K2Mp50n 
is a yellow powder, and CaMugOu is a dark-brown precipitate 
formed by pouring manganous nitrate solution into excess of 
bleaching-powder solution. The manganese mud formed by 
the oxidation of manganous hydroxide in the presence of lime 
in the Weldon recovery process contains a calcium manganite; 
and the hydrated MngOg, produced by atmospheric oxidation 
of Mn(OH)2, may be regarded as manganous manganite: 



It will thus be concluded that manganese dioxide possesses 
the properties of a feebly acidic anhydride. It is probably not 
a basic oxide, since it forms no oxysalts, i.e. no quadrivalent 
manganese ion exists. Manganese tetrachloride, MnCl4, 
has, however, been obtained by the action of dry hydrogen 
chloride on manganese dioxide suspended in carbon tetra- 
chloride. It is unstable, but forms complex salts, such as 
KgMnClg. 



GROUP VII 


455 

Manganese dioxide is not a superoxide in the sense of yield- 
ng hydrogen peroxide with acids, though it is said, when 
freshly precipitated, to dissolve in concentrated hydrogen 
peroxide solution at —20°, forming the manganous salt of 
hydrogen peroxide, 

Mn\o; 

and it is questionable whether this compound can be repre- 
sented as a simple polyoxide having the constitution 0=^Mn=^ ^O. 
Reactions are known which appear to indicate the saline nature 
of this compound; for instance, the dioxide is precipitated, 
apparently as manganous manga nate, when barium manganate 
and manganous sulphate interact: 

BaMn 04 1" MnS04 = MnMn 04 + BaS 04 , 

and is also formed by the action of potassium permanganate 
on manganous sulphate solution: 

aMnS04 + 2KMn04 + 2H2O 

- (MnO) 3 Mn 207 + K2SO4 + 2H2SO4. 

[5Mn02]«‘ 

The above reactions may, however, be regarded more simply 
as instances of oxidation of manganous salt with the corre- 
sponding reduction of manganate or permanganate to the 
dioxide stage. In any case the molecular constitution of 
manganese dioxide must remain undecided. 

Manganese trioxide — Manganic anhydride, MnOg. — 
This oxide, the anhydride of manganic acid, is unstable, and 
can only be obtained in small quantity. It is evolved as a pink 
fume, which may be condensed to a red, viscid mass, when a 
solution of potassium permanganate in concentrated sulphuric 
acid is dropped on to dry sodium carbonate. 

• This reaction occurs quantitatively only when a base, e.g. ZnO, is present to 
form manganite, and so cause all the manganese to assume the quadrivalent state. 
A seeming analogy to this reaction is furnished by the following: 

Cr,(S04)» + KaCr04 + zHaO = CraOsCrO, + KaS04 + 2H,S04. 

(3CrO,) 

10 


(D170) 
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The Mn 03 its existence to the spontaneous decom- 
position of permanganic anhydride, MngOy, as follows: 

2Mn*07 = 4Mn03 + Oj. 

Manganic anhydride is decomposed by water in the following 
manner: 

aMnOa -f HaO - 2 HMn 04 + MnOa; t 

from which it may be concluded that manganic acid is an 
unstable substance. \ 

The Manganates. — Sodium manganate is formW by 
heating together manganese dioxide and caustic soda inWir or 
with an oxidizing agent. In the absence of air the following 
reaction takes place: 

8Mn02 + 2NaOH — Na2Mn04 + Mn208 + H2O. 

The salt may be obtained in small crystals, having the com- 
position Na 2 Mn 04 , IGHgO, which are isomorphous with 
Glauber’s salt. Manganates, derived from the acid H 2 Mn 04 , 
are known in the case of the metals Na, K, Rb, Co, Ag, Tl, 
Ca, Ba, Sr. They are bluish-green salts, and when soluble 
are isomorphous with sulphates, selenates, and chromates, so 
that an analogy between manganese and the members of the 
sixth group is established. The alkali manganates pass into 
permanganates by atmospheric oxidation thus: 

2Na2Mn04 -f H2O + O = 2NaMn04 + 2NaOH; 

and since manganic acid itself, if formed, would decompose 
spontaneously into permanganic acid and manganese dioxide, 
as may be concluded from the action of water on its anhydride, 
any reaction which liberates this acid will cause such decom- 
position to take place. 

Now when sodium manganate is dissolved in a little water 
a deep-green solution is obtained, which, on dilution with 
much water, or the addition of a little acid, turns pink, owing 
to the formation of permanganate. This is due to the fact that 
manganate is stable only in presence of excess of alkali, so 
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that when that excess is not present the salt is hydrolyzed and 
the resulting manganic acid undergoes self-oxidation and 
reduction thus: 

3 Na 2 Mn 04 -f 6HaO SHaMnO* 1- GNaOH 

3H2Mn04 - 2 HMn 04 + MnO* + 2 H 2 O, 

or adding 3 NaaMn 04 -f 2HaO = 2 NaMn 04 + MnOj + 4NaOH. 

This reaction takes place in dilute solution even when a 
little alkali is present, but it is greatly promoted by the presence 
of acid, even of carbonic acid, which neutralizes the hydrolytic 
alkali. It is commonly observed that when a drop of per- 
manganate solution is mixed with excess of alkali the colour 
passes from crimson through violet to green, permanganate 
being thus reduced to manganate. Such a reaction involves 
loss of oxygen thus: 

2KMn04 + 2KOH - 2K2Mn04 + H^O + O. 

This change is ordinarily due to the presence of oxidizable 
matter in the alkali; but when the reaction takes place in 
concentrated solution it is possible for oxygen gas to be 
expelled in the formation of the more stable manganate. 

Manganese heptoxide — Permanganic anhydride, 
Mn 207 . — Potassium permanganate dissolves in concentrated 
sulphuric acid, forming an olive-green liquid. It is apparent 
from this change of colour that a chemical change has taken 
place, and it is believed that the solution contains the sulphate 
(Mn 03 ) 2 S 04 . If a little water is added to this solution while 
it is kept cool, a dark reddish-brown liquid separates, which 
does not solidify at —20°. This is permanganic anhydride, 
formed by the decomposition of the sulphate in the following 
way: 

(Mn03)2S04 + H2O - MngO, + H2SO4. 

This compound is very unstable, easily decomposing into a 
lower oxide and oxygen, the evolved oxygen carrying with it 
violet fumes of the anhydride. It dissolves in water, forming 
a violet solution of permanganic acid, and in strong sulphuric 
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acid, with the regeneration of the above green sulphate. The 
existence of this sulphate recalls that of the uranyl salts, which 
are derived from uranic oxide, UO3, by the replacement of 
one atom of oxygen by acidic radicles. 

Permanganic acid, HMn04, and the Permanganates. — 
The solution obtained by decomposing barium perma^iganate 
with its equivalent of dilute sulphuric acid yields 6 n slow 
evaporation violet-black crystals of permanganic acid! which 
are very unstable, easily decomposing into manganese oioxide, 
oxygen, and water. \ 

Permanganic acid is formed in solution when a manranous 
salt in small quantity is oxidized by lead peroxide and nitric 
acid, bismuthic acid, or ammonium persulphate and acid in 
presence of silver nitrate as catalyst. These reactions are used 
for the detection or colorimetric estimation of small quantities 
of manganese. 

Permanganic chloride, MnOgCl, is known; and, both as 
regards its manner of preparation, by the action of hydrogen 
chloride on permanganic sulphate, (Mn03)2S04, and its 
properties, including its reaction with water, it is shown to 
be a true acid chloride. 

Potassium permanganate is the most important salt of 
permanganic acid. It is usually prepared by heating together 
caustic potash, potassium chlorate, and manganese dioxide, 
extracting with water, and passing CO2 through the liquid to 
convert manganate into permanganate. The crystals of this 
salt consist of almost black rhombic prisms, with a green 
metallic lustre, which are isomorphous with potassium per- 
chlorate. They yield a red powder, and dissolve in water, 
forming a deep-purple solution. This solution slowly decom- 
poses in presence of traces of organic matter with separation 
of manganese dioxide. When solid KMn04 is heated to 240 ° 
it decomposes as follows: 

2 KMn 04 - K 2 Mn 04 + MnOg + Og. 

With concentrated sulphuric acid permanganic acid is first 
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separated, permanganic sulphate also being formed, and this 
breaks up on heating into manganese dioxide, oxygen, and 
water, manganous sulphate eventually resulting. 

Potassium permanganate is a valuable oxidizing agent. 
Three stages in its reduction may be observed, the decomposi- 
tion products being respectively potassium manganatc, man- 
ganese dioxide, and a manganous salt. These changes may 
thus be represented in terms of oxides: 

MnaO^ ^ 2Mn03 i O 
MnaO, - 2Mn02 f 30 
Mn 207 “ 2MnO 50. 

The first reaction takes place in alkaline, the second in alkaline 
or neutral solution, the last generally in presence of free acid. 

The following examples with sulphites are typical: 

2KMn04 + KgSOa 2K0H - 2K2Mn04 f K^SO^ 1 H^O 

(excess of alkaline permanganate) 
2KMn04 + 3 K 2 SO 3 + HgO - 3 K 2 SO 4 -f 2K0H -f 2Mn02 

(excess of sulphite) 

2KMn04 + 5H2SO3 - 2KHSO4 + 2MnS04 f H2SO4 + m.O 

(in acid solution). 

Although permanganate is easiest reduced to manganous 
salt in presence of acid which promotes the formation of such 
salt, it is possible to cause this reduction to take place in 
alkaline solution if a condition of stability of a manganous 
compound obtains. Thus if a drop of permanganate solution 
is added to excess of alkali sulphide the brown precipitate of 
hydrated manganese dioxide first formed soon passes into the 
paler and less soluble manganous sulphide; and if perman- 
ganate is similarly added to ammoniacal sulphite solution 
containing much ammonium chloride, the brown precipitate 
formed dissolves on boiling, with the production of a colourless 
solution containing manganous ammonium chloride. 

The use of permanganate for titration of ferrous iron in 
presence of hydrochloric acid is avoided because the end-point 
is not sharp, and the results are likely to be high unless man- 
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ganese sulphate has been added. The explanation usually 
given of this irregularity is that the hydrochloric acid is 
oxidized by the permanganate; but Friend * has shown reason 
to believe that a higher chloride of manganese is formed and 
reacts with ferrous chloride until equilibrium is reached, 
according to the equation: 

MnCl(2+aB) + icFeCla MnCh + JifFeCls. I 

Thus some manganese remains unreduced to manganoufi salt, 
and consequently too much permanganate is employed m the 
titration. That oxidation of hydrochloric acid is not the 
cause of the anomaly is shown by the fact that oxalic acia can 
be accurately titrated with permanganate in presence of 
sufficient hydrochloric acid, and that hydrofluoric acid has 
a disturbing effect in the iron titration somewhat similar to 
that of hydrochloric acid. 

Permanganic acid is a strong acid, comparable with per- 
chloric acid. Its salts are largely ionized in aqueous solu- 
tion, and give an absorption spectrum characteristic of' the 
permanganate ion. 

Other permanganates are similar to the potassium salt, that 
of silver being the least soluble in water. 

TECHNETIUM AND RHENIUM 

The discovery of rhenium (Re), the dvi-manganese of 
Mendel6efF, is the result of Moseley’s application of X-rays, 
firstly, as a method of fixing the position in the periodic classi- 
fication of missing elements, and secondly, as a ready means of 
identification. Guided by the periodic table, Noddack and 
his co-workers (1925) sought the missing Group VII A elements 
of atomic numbers 43 and 75 in association with neighbouring 
transition elements, and from X-ray spectra found rhenium 
(75) in platinum ores, in tungstitBy WO3, in gadolinitey 
(FeBe)Y 2 SiaOio, in the columbiteSy Fe(Mn) [(Cb, 
and in molybdenum glancBy M 0 S 2 . At the same time Noddack 

* Chem» Soc, Tram. ( 1909 ), 95 , 1328 . 
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claimed the discovery of element 43 (masurium), but this claim 
has not been confirmed. 

The position is now occupied by technetium (Tc), first 
obtained by deuteron bombardment of molybdenum (Segr6 
and co-workers, 1937). This radioactive element appears to 
resemble rhenium more closely than it does manganese. 

Rhenium is readily separated from the mineral residues by 
oxidation to per-rhenate and precipitation as the sparingly 
soluble salt, KRe 04 . From molybdenum ores it may be 
separated as Re 207 , which is more volatile than MoO.^ 

Rhenium undoubtedly finds its true position in series 
between tungsten and osmium, resembling the former in the 
formation of oxyhalides, while the reduction of its compounds 
to the free element, which is a catalyst, recalls the platinum 
metals rather than manganese. The salt, K4[Re20Clio], forms 
mixed crystals with the corresponding ruthenium salt. The 
oxidation of the metal by nitric acid to per-rhenic acid re- 
sembles the formation of HlOg from iodine, and a further 
analogy to iodine is offered by the meso-perrhenates. It 
shows distinct relationship to manganese in the stable ReOg, 
2 H 2 O and the rhenites, comparable to MnOg and the man- 
ganites, but differs therefrom in the stability of the heptoxide, 
the formation of a heptasulphide, and the non-existence of 
ReO and stable bivalent salts. 

Rhenium exhibits valencies of 3, 4, 5, 6 and 7; lower 
valencies probably exist but are unstable. The emergence of 
quinquivalency, unknown in manganese, is notable. In 
alkaline solution, compounds of intermediate valency tend to 
undergo oxidation and reduction, e.g. 

3ReV^2Reiv + Revn. 

The metal is obtained as a grey powder resembling platinum 
by reducing per-rhenates, oxides, or sulphides, by hydrogen. 
Unlike manganese, it is stable in air. It is inert to HCl and 
HF, is slowly attacked by H2SO4, and with HNO3 yields 
per-rhenic acid, HRe 04 . It is stable to fused alkali in absence 
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of air; with air present it undergoes oxidation with inter- 
mediate colour changes to the white septivalent stage. 

Tabulated below are some physical properties of rhenium 
and neighbouring elements. 



W 

Re 

Os 

Mn 

Dens. 

18-72 

21-9 

22-48 

7-86 

At. vol. 

9-8 

8*8 

8-6 

7-4 

M.P. 

3260° 

3160° 

2600° 

1260^ 


The following oxides are known: 

Re 203 , flcH 20 ; feebly basic. 

Re 02 ; acidic giving rhenites. 

ReOg; acidic giving rhenates. 

ReaO?; acidic giving per-rhenates. 

Rhenium sesquioxide, ReaOg, is produced in hydrated 
form when ReClg is hydrolyzed by alkali. It oxidizes readily. 

The trihalides, ReClj and ReBrg are known. Rhenium 
trichloride is obtained by thermal decomposition of the penta- 
chloride, ReClg, and forms dark red crystals subliming at 500°. 
It is weakly dissociated in aqueous solution. The tribromide 
sublimes as a dark green solid when rhenium is heated in 
bromine vapour. 

The following complex salts of tervalent rhenium are known: 

K 8 [ReO(CN) 4 ]; Rb[ReClJ; Cs[ReClJ. 

The dioxide, ReOg, 2H2O, is a black solid obtained by 
hydrolysis of potassium rhenichloride, K2[I^^Cle], or by reduc- 
tion of potassium per-rhenate in acid solution by zinc. On 
moderate heating it yields the anhydrous oxide, but at 1000° 
decomposes thus (cf. Mn02): 

7Re02 — 3Rc “f” 2Re207. 

When fused with caustic soda in absence of air, it yields brown 
insoluble sodium rhenite, NagReOs, which dissolves in HCl 
to give a green solution of H2[ReCl0]. With hydrogen peroxide, 
Re02 yields per-rhenic acid, HRe04 (cf. Mn02 which de- 
composes H2O2 catalytically). 
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Rhenium tetrachloride, RCCI4 is said to form (Briscoe, 
1931) as a black volatile solid when rhenium is heated in 
chlorine. It is represented in the green rhenichlorides, 
M9‘[ReCle], whose alkali salts are soluble, those of Ag^, Hg+ 
and T1+ being insoluble. The potassium salt, KjReCle is 
obtained by heating KRe04 with concentrated HCl and KI, 
or by passing chlorine over a mixture of rhenium and potassium 
chloride (K20sCl(j is similarly produced). 

Complex alkali bromides and iodides of the same type are 
known. 

Rhenium disulphide, ReSg, is a black solid obtained by 
thermal decomposition of the heptasulphide, RegS^, or from its 
elements. 

Rhenium pentachloride, ReClg, is a dark brown solid 
produced from its elements at 500°. It sublimes, and on 
heating in nitrogen yields ReC^ and chlorine. With oxygen 
it forms oxychlorides, ReOCl4 and Re03Cl, and with aqueous 
NaOH forms hydrated ReOg and sodium per-rhenate NaRe04 
(Geilmann, 1933). The instability of the quinquivalent state 
is evident here. Green complex salts containing quinquivalent 
rhenium are known: 

KaLReOClJ; (NH4)2[ReOCl6]. 

The red trioxide, ReOg, isomorphous with WO3, is obtained 
by prolonged heating at 3(X)° of a mixture of ReOg and Re207. 
Fusion with NaOH yields unstable green sodium rhenate, 
Na2Re04, and rhenite, NagReOa. Rhenate solution is unstable 
even when strongly alkaline. 

Rhenium hexafluoride, ReF6(M.P. 18*5°, B.P. 47-6°) has 
been prepared from its elements, and gives rise to the solid 
oxyfluorides, ReOF4 and ReOgFa. The compounds ReOCU 
and K2[ReOCle] are known, but ReCle is not known. 

Rhenium heptoxide, ReaO^, formed by direct oxidation of 
the metal, is remarkably stable (cf. and CI2O7). The 

white deliquescent solid sublimes above 220°, and with water 
yields colourless and weakly oxidizing per-rhenic acid., HRe04. 

(D170) 
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This acid can be prepared by the action of hydrogen peroxide 
on ReOg, and its salts by fusing lower oxides with alkali in 
presence of air. In these reactions, and in the stability of 
potassium per-rhenate to heat, it offers a remarkable contrast 
to permanganic acid, which is further heightened by the 
colourless Re04” ion, and the differences in solubility and 
crystalline structure of the per-rhenates; KRe04 is i^mor- 
phous with CaW04. Thallous and mercurous per-rhenates 
are slightly soluble, other metallic salts are soluble. Oxymlides 
are known: ReOgCl (M.P. 4 - 5 °), ReO^Cla (M.P. 23 "). \ 

The meta-salts, M*Re04, give rise to yellow mesoVper- 
rhenates: the barium salt, Ba3(Re05)2 is formed from Nake04 
and Ba(OH)2 in presence of aqueous NaOH. With water it 
yields barium per-rhenate, Ba(Re04)2. 

In acid solution per-rhenates are reduced to the quinqui- 
valent state by FeS04 and Ti2(S04)3, while chromous sulphate 
produces quadrivalent compoimds: both reduction stages 
may be obtained by hydriodic acid, thus (Jezowska, 1934 ): 

HRe04 -f 6HC1 + 2HI = HalReOClj] + I* + 3Ha6 
H^EReOCls] 4* HCl + HI = HaEReCy + I + HjO. 

The black heptasulphide, Re2S7, is produced by the 
action of hydrogen sulphide on acidified per-rhenate solutions. 
(Cf. KMn04 and HaS). In neutral solution soluble thioper- 
rhenates, e.g. KReOgS, are said to form. 


CHAPTER XII 
GROUP VIII 

The members of this group occupy a unique position in the 
periodic table. In each of the thrw long periods of eighteen, 
eighteen, and thirty-two elements respectively, the elements of 
the B are linked to those of the A sub-groups by sets of three, 
which constitute transitional elements, and are classed together 
as Group VIII. There are thus nine members of this group, 
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which are related in the following manner to the adjacent sub* 
groups: 


A 

vi vii 

viii 

B 

1 

U 

Cr Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Mo Ma 

Ku 

Rh 

Pd 

Ar 

Cd 

W Re 

O 3 

Ir 

Pt 

Au 

Hg 


The eighth group is thus peculiar in the possession of three 
members in each scries instead of only one; and it would 
appear that the variation of atomic weights and properties 
from group to group would on this account be destroyed. 
Such, however, is not the case, owing to the remarkable fact 
that the three members in each series ‘have approximately 
equal atomic weights and physical properties, so that they 
are analogous to a single element in any other group. 



Fe 

Co 1 

Ni 1 

Ru 

Rh 

Pd 

Oi 

Ir 

Pt 

Atomic number . 
Atomic weight . . 
Density . . 
Atomic volume . 

2e 

66-84 

7-84 

M2 

27 

68-96 

8-8 

6-70 

28 1 
58-09 
8-8 1 
6-67 

44 

101-66 

12 

8-47 

45 

102-9' 

11-12 

8-9 

46 

106-7 

11-4-12 

9-8 

eOfi*®? 00 

2 ^ 

77 

193-0 

22-4 

8-6 

78 

196-2 

20-9-21'T 

9-2 


The melting-points of these elements are high, tlat of 
nickel, about 1452°, being the lowest, and those of iridium 
and osmium the highest. Iron, with melting-point 1506% 
and platinum, with melting-point 1765% have been vaporized 
in the electric furnace at a temperature of upwards of 3000 . 

The densities of the members of the different sets are 
related to one another in an approximately similar manner 
to the atomic weights; so that ruthenium, rhoihum, and pd- 
ladium are intermediate in density as well as in atonuc weight 
between iron, cobalt, and nickel, and the very heavy me^, 
osmium, iridium, and platinum. With rise of atomic * 
there is a diminution of electro-positiveness, m indicate y 
the potential series; and concomitant with this is a dimmution 
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in chemical activity, in passing, for example, from nickel 
through palladium to platinum; this being illustrated by the 
mode of natural occurrence and relative ease of reduction of 
the metals of the group. Iron seldom occurs, and cobalt and 
nickel never occur, native, though their oxides are easily re- 
duced; but osmium, iridium, and platinum are always^ found 
in the free state. 

The mutual relationships of the metals of the eighth \group 
recall those obtaining between copper, silver, and gold in 
group I B, to which metals they show much resemblanc 

Manifestly the members of this group cannot be divided 
into A and B sub-groups as in the case of other groups; 
but they may be conveniently studied in the sets into which 
they naturally fall by reason of their atomic weights and 
physical properties. * 

Nevertheless, some vertical relationships are noteworthy. 
Thus, Fe, Ru, and Os, form isomorphous complex cya- 
nides. Ferrites, and ruthenites, M jROg exist, and likewise, 
ferrates, ruthenates, and osmates, M*2R04. (Compare also 
the platinates, M2[Pt(OH)J, isomorphous with stannates, 
M2[Sn(OH)e]. 

Again, Co, Rh, and Ir, form complex ammines, cyanides, 
and nitrites, and their sulphates, R2(S04)3, form true alums. 

The remaining elements, Ni, Pd, and Pt, yield complex 
ammines, cyanides, and nitrites* though nickel is restricted 
to bivalency and rare examples of univalency. 

Since the maximum valency of the members of this family 
is eight, it is to be expected that these metals will show a 
large variety of types of compound, as in the case of manganese 
in which different valencies from one to seven are manifested. 
This expectation is realized to some extent in the case of iron, 
less with cobalt and nickel, but more with the remaining 
members of the group. The higher members of the eighth 
group possess chemical properties which ally them to gold, 
to which they approximate in the periodic system. Fairly 
complete series of oxides and halides are known, acidic 
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being in most cases more prominent than basic properties. 

There is evidence that Group VIII elements, except iridium 
and osmium, may display univalency, as does manganese, e.g. 

K,[Mn(CN) 3 ] K3[Ni(CN)3] K,[{NO),Fc(S^O,)^] 

NiCN K3[(NO)3 Co(S,03),]. 

IRON, COBALT, AND NICKEL 

In physical properties cobalt and nickel stand much nearer 
to one another than they do to iron. This is also true of their 
chemical relationships, so that in some respects iron stands 
alone among the elements. Moreover, iron shows a strong 
likeness to manganese, its neighbour in the seventh group, as 
well as to chromium. Iron is strongly magnetic, cobalt and 
nickel are feebly so. All three metals possess high melting- 
points. Whilst iron rusts in moist air, cobalt and nickel are 
oxidized only when heated in the air. Red-hot iron decom- 
poses steam, with formation of the oxide Fe 304 . Cobalt and 
nickel form the monoxides under similar circumstances. 

The finely divided metals serve as catalysts. Examples are 
the use of iron in the oxidation of ammonia, and of nickel in 
the hydrogenation of unsaturated hydrocarbons and fats. 

Iron appears to exist in three allotropic forms known 
respectively as a-, y-t 8-ferrite. The evidence for this 
allotropy is the retardation of cooling of the metal from near 
its melting-point, which is exhibited at certain temperatures, 
with the accompanying phenomenon of recalescence. 

These three metals enter into various complex radicles, 
forming a number of complicated compounds, such as the 
double cyanides and metallic ammines, but nickel shows less 
tendency to form these compounds than do iron and cobalt. 
In this and other respects nickel approximates to copper, whilst 
cobalt is more nearly related to iron. It must be observed, 
therefore, that according to properties the order of these ele- 
ments is Fe, Co, Ni — ^although the atomic weight of Co is 
greater than that of Ni. The atomic numbers of these elements 
(q.v.), however, place them in the order of chemical properties. 
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Complex ammines, Ammines, 

e.g. ClsCoCNH,^, e.g. NiCl*, 6NH, 
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Oxides of the Type MO and their Salts 

Each of these metals forms a monoxide which is basic. 

Ferrous oxide, FeO, is a black powder, to which corre- 
sponds a white hydroxide, Fe(OH)2, precipitated by alkali 
from a ferrous solution in absence of air. When a little air is 
present, a dark-coloured compound of Fe(OH)2 and Fe(OH)3 
is produced, which turns to rust-coloured Fe(OH)3 on further 
exposure. The precipitation of Fe(OH)2 ammonia is 
completely prevented by sufficient ammonium chloride. 
Ferrous compounds are not so oxidizable as the otherwise 
analogous chromous compounds. 

Ferrous salts are white when anhydrous, and pale green or 
bluish when hydrated. The most important is ferrous sul- 
phate or green vitriol, FeS04, THgO. In the heptahydrated 
condition this salt is isomorphous with magnesium and zinc 
sulphates; crystals having the composition FeSO^, 5H2O have 
also been obtained which are isomorphous with CUSO4, SHgO, 
and likewise a salt FeS04, 4H2O isomorphous with MnS04, 
4H20, 

Ferrous ammonium sulphate, or Mohr^s Salt, FeS04, 
(NH4)2S04, 6H2O, is isomorphous with the corresponding 
magnesium, zinc, and manganous double salts. Mohr’s salt 
is paler than ferrous sulphate, its colour being that of the 
hydrated ferrosulphate ion. This salt is said to be more stable 
than ferrous sulphate, and is therefore preferred for use in 
volumetric analysis. 

Gobaltous oxide, CoO, is a grey powder, and the hy- 
droxide appears to exist in two forms, since when first preci- 
pitated it is blue, but becomes rose-red when heated. The 
hydroxide is oxidized by exposure to air, hydrated C03O4 
being produced. It is soluble in hot strong potassium- 
hydroxide solution, though it can hardly be said to combine 
with the base, since it crystallizes from the solution on cooling. 
Gobaltous salts are blue, green, or violet when anhydrous, 
and red or crimson when hydrated. The sulphate forms 
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several hydrates; the heptahydrate is isomorphous^with ferrous 
and other sulphates, and forms similar double salts. 

Nickelous oxide, NiO, is a green crystalline powder ob- 
tained from the hydroxide by ignition. When heated at a 
moderate temperature in air it is converted into a higher 
oxide, but loses oxygen on further heating, leaving the mon- 
oxide, which is stable even at the temperature of the electric 
furnace. The hydroxide is a green precipitate which, Wlike 
ferrous hydroxide, does not oxidize in air. The nickelous 
salts are usually yellow when anhydrous, and bright green 
when hydrated. The sulphate crystallizes at atmospheric 
temperature with seven molecules of water, and is isomorphous 
with ferrous and other sulphates. The double sulphate, 
NiS04, (NH4)2S04, 6H2O, is isomorphous with analogous 
salts containing magnesium, zinc, manganese, iron, or cobalt. 

Oxides of the Type MjOi 

Fe804 and C03O4 are well known, and Ni304 (=2NiO, 
NiOg) also exists. Fe804, magnetic oxide of iron, is ferroso- 
ferric oxide, that is, a compound of ferrous and ferric oxides, 
FeO, FcjOg. It is black, magnetic, and very stable, since it is 
obtained by passing steam over red-hot iron, and is the oxide 
formed when iron is heated in air or oxygen. It may be pre- 
pared artificially in a hydrated state by mixing ferrous and 
ferric solutions in the right proportions and precipitating the 
mixture with alkali hydroxide. It is not a basic oxide forming 
salts, but a compound oxide, which may itself be a salt (cf. 
Pb304 and Mn304). 

Cobaltocobaltic oxide, C03O4, is obtained by heating 
cobaltous oxide or nitrate in the air, or in a hydrated condition 
by the oxidation of moist cobaltous hydroxide; it is analogous 
to magnetic oxide of iron, and probably has the same con- 
stitution; it is the chief constituent of commercial oxide oi 
cobalt. 
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Oxides of the Type MtOs and their Salts 

Ferric oxide, Fe203, is a dark-red powder, which occurs 
in nature as red hs&niatite, and may be obtained by igniting 
the hydroxide Fe(OH)3. Ferric hydroxide is formed as a 
brown precipitate when ammonia is added in excess to a cold 
solution of a ferric salt. When this precipitate is heated it 
passes through several stages of dehydration until the an- 
hydrous oxide remains. It is possible for ferric hydroxide to 
exist in a colloidal condition; this is produced by dissolving 
ferric hydroxide in ferric chloride solution, or by adding 
ammonia to ferric chloride as long as the precipitate can be 
redissolved, and then submitting the liquid to dialysis. Hy- 
drochloric acid formed by hydrolysis of ferric chloride passes 
through the membrane, leaving almost pure ferric hydroxide 
in colloidal suspension. 

Ferric oxide is a basic oxide, giving rise to the ferric salts, 
of which the chloride is the best known. 

Ferric chloride, FeClg, occurs in almost black crystalline 
plates, which are deliquescent and soluble in water, as well as 
in alcohol, ether, and other organic solvents. It crystallizes 
from aqueous solution in yellow masses of the composition 
FCCI3, 6H2O, and occurs in other hydrated forms. The an- 
hydrous salt begins to volatilize even at 100*^, and its vapour 
density at low temperatures almost corresponds with the 
formula Fe2Cl0. As the temperature rises above 500 ° the 
vapour density diminishes. This appears to be due not to 
dissociation into molecules of FeCls, but to decomposition 
into ferrous chloride and chlorine, thus: 

Fe,Cl, ^ Fe,Cl4 + Cl,. 

At higher temperatures ferrous chloride forms FeClg mole- 
cules. 

The molecular weight of ferric chloride in organic solvents, 
however, corresponds with the formula FeCl8. This salt is 
slowly but completely hydrolyzed by water into colloidal ferric 
hydroxide and hydrochloric acid. This fact, together with its 
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solubility in organic solvents, shows ferric chloride to possess 
some of the properties of a chloranhydride, as well as of a salt. 
The existence of various double salts, such as FeClg, MgClg, 
HgO and FeClg, 2 KC 1 , HgO, further illustrates this fact. 

Ferric sulphate, Fe2(S04)3, is a white powder forming 
several hydrates, which is easily decomposed, giving rise to 
basic salts, and is completely hydrolyzed by excess of boiling 
water. It forms double salts with the sulphates of the alkalis, 
the well-known iron alums, isomorphous with the similarly 
constituted aluminium, chromium, and manganese alums. 
Ammonium iron alum, (NH4)2S04, Fe2(S04)3, 2 ffl 20 > 
forms crystals which are light violet when deposited 'pure 
from a solution sufficiently acid to prevent hydrolysis. The 
salt is obtained in a colourless form, however, due to the 
neutralization of the violet colour by brown, colloidal, ferric 
hydroxide, when hydrolysis has occurred in the solution from 
which the crystals separate.* An aqueous solution of the 
violet salt is brown on account of hydrolysis, but becomes 
colourless on addition of a little sulphuric acid. 

Besides its basic function ferric oxide possesses feebly acidic 
properties, as indeed would be gathered from the properties 
of the salts. Ferric oxide combines at high temperatures 
with certain basic oxides to form ferrites, which are definite, 
well-crystallized compounds. The best known are calcium 
ferrite, CaFe204, magnesium ferrite, MgFe204, and zinc ferrite, 
ZnFe204. Magnetic oxide of iron is ferrous ferrite, FeFe204. 
In this property ferric oxide resembles alumina, though its 
acidic functions are much less pronounced, as is shown by the 
fact that ferric hydroxide is insoluble in alkali hydroxide, 
while aluminium hydroxide is soluble. 

Gobaltic oxide, CogOg. Cobaltous compounds are more 
easily oxidized than the corresponding nickelous compounds. 
It has been seen that cobaltous hydroxide is oxidized by air, 
whilst nickelous hydroxide is stable in air. Ammoniacal 
cobaltous solutions readily absorb oxygen, forming the cobaltic 

* Bonnell and Parman, Chenu Soc, Trans, (1921), 119, 1994. 
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ammines, a series of complicated compounds which will be 
studied later. Cobaltic hydroxide is precipitated by means 
of hypochlorite solution more easily than the nickelic com- 
pound. Cobaltous salts generally result when cobaltic oxide 
is dissolved in acids, but cobaltic acetate is thus produced. 

Cobaltic sulphate, €02(804)3, may be prepared by the 
electrolytic oxidation of an acidified solution of the cobaltous 
salt. It forms blue crystals with ISHgO and is unstable. 
From it ammonium cobaltic alum can be obtained by 
adding the requisite quantity of ammonium sulphate and 
crystallizing. This salt forms blue octahedra, which decom- 
pose in contact with water, evolving ozonized oxygen. 

When a little cobaltous solution is added to a solution of 
potassium bicarbonate containing hydrogen peroxide, a bright- 
green liquid results which probably contains a complex potas- 
sium cobaltic carbonate, formed according to the reaction: 

4KHCO3 + 2C0CO3 + H2O3 

- (KCO3), : Co • O • Co : (C03K)2 + 2CO2 + 

Nickelic oxide. The oxide obtained when nickel nitrate 
or chlorate is gently heated, or when nickelous compounds 
are oxidized in presence of alkali, is not constant in com- 
position, and the existence of Ni^Os has been doubted.! 
Two hydrates, however, exist, Ni203, 2H2O and N^Os, H2O, 
which are believed to be constituted thus . 

(HO),Ni - O - Ni(OH), and O = Ni - OH. 

They dissolve in acids forming nickelous salts, with evolution 
of oxygen or its equivalent, and on strong ignition form NiO. 

Oxides of the Type MOg 

Iron forms a few compounds of the type M2Fe03, and 
definite crystalline nickelites and cobaltites, decomposable 
by water, such as Ba0,2Ni02, BaO,Co02, BaO, 2 Co 2> 

• Durrant, Chem, Soc. Tram. (1905). 8^, 1781* 
t Bellucci and Clavari, AtH R. Accad. Lined (igos), *34- 
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MgOjCoOg, are formed by heating the sesquiox^'des with 
suitable basic oxides at high temperatures. 

The Type MOs 

This type, which is so characteristic of the sixth group, is 
represented amongst the three metals at present under con- 
sideration by the salts of ferric acid, H2Fe04, though [neither 
the acid nor its anhydride, FeOg, is known. Pot^sium 
ferrate, K2Fe04, existing in dark-red crystals, isomorphous 
with potassium chromate and sulphate, and forming a purple 
solution, is produced by heating together powdered iron, 
potassium hydroxide, and nitrate; by passing chlorine into a 
strong potash solution in which ferric hydroxide is suspended; 
or by the electrolytic oxidation of iron in a similar solution. 
The solution of this salt is stable in presence of a small quantity 
of a mineral salt, but decomposes in presence of acids, alkalis, 
and reducing agents. The barium salt is more stable, and 
may be dissolved in dilute acetic acid without decomposition. 

THE PLATINUM METALS 

The six metals, ruthenium, rhodium, palladium, 
osmium, iridium, and platinum, which are associated 
together in nature, are allied to one another by physical and 
chemical properties. They are greyish white, very infusible, 
and show little reactivity, being therefore easily liberated from 
their compounds. This latter property accounts for their 
being found in nature in the free state, and is connected with 
the small atomic volumes of the metals themselves, as has been 
previously shown. They fall into two groups, with approxi- 
mately equal atomic weights: 

ruthenium, rhodium, palladium, 
osmium, iridium, platinum; 

and, moreover, the pairs, ruthenium and osmium, rhodium and 
iridium, palladium and platinum, present natural relationships 
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in properties. For instance, palladium and platinum both oc- 
clude hydrogen, and also form compounds of the type KgMC^; 
and ruthenium and osmium are alone in forming the tetroxides 
MO 4 , in which the metals are octivalent. In their chemical 
properties the members of the group show intermediate rather 
than extreme characters, since their various oxides present 
prominently neither basic nor acidic qualities. This is quite 
in accord with their position in the periodic table, between 
chromium, molybdenum, and tungsten on the one hand, and 
zinc, cadmium, and mercury on the other. They likewise 
exhibit some relationships to the members of the iron group, 
which are manifested chiefly in the complex cyanides and 
ammines. 

The table on p. 476 includes representatives of most of the 
simple compounds of the platinum metals. Although halides 
corresponding with several types are well known, comparatively 
few oxysalts appear to exist. This shows that the basic func- 
tions of the oxides of these metals are very feebly developed. 

The oxides of the type MO are dark-coloured powders, 
insoluble in water and most acids. They may be prepared by 
ignition of the metal in air or oxygen, or by heating the 
corresponding halide with sodium carbonate. They are de- 
composed again into their elements by stronger ignition. The 
hydroxides may sometimes be obtained by decomposing the 
dichlorides with hot caustic alkali. Platinous hydroxide, 
PtO, 2 H 2 O, for instance, may be prepared in this way. It is 
difficult, however, to obtain the compound pure, as the chloride 
is only slowly decomposed, and the hydroxide also shows a 
tendency to combine with excess of the base. When obtained 
pure by the action of the theoretical amount of alkali hydroxide 
on potassium chloroplatinite, KgPtCl^, in dilute solution, 
platinous hydroxide is found to be soluble in hydrochloric 
and hydrobromic acids, and also in sulphurous acid, but not in 
other oxyacids. Moreover, it is decomposed by boiling alkali- 
hydroxide solution into metal and dioxide. 

Halides of the type MX^ exist in the case of most of the 
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>mpounds in round brackets ( ) are unknown, but their derivatives exist. 
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metals, but they do not present truly saline characters. It will 
be judged from these facts that there are but flight grounds for 
considering oxides of the type MO to be basic oxides. Indeed 
acidic functions appear in the tendency to combine with alkalis; 
and this is further illustrated in the case of the dichlorides of 
palladium and platinum by the formation of chloropalladltes 
and chloroplatinites (or platinochlorides); e.g. K2PdCl4 and 
K2PtCl4 respectively. 

The oxides of the type MgOj, and their derivatives, are of 
little importance. The oxides show less tendency to combine 
with acids than the monoxides previously considered. Rhodic 
nitrate, Rh(N03)3, and sulphate, Rh2(S04)3, are known, the 
latter, as well as ^2(804)3, forming a series of alums with the 
alkali sulphates. The complex chlorides KgOsClg and KglrClj 
illustrate the acidic functions of the type. 

The oxides of the type MOg, and their derivatives, are the 
most important compounds of the group. The dioxides of all 
the six metals are known, and are for the most part stable 
bodies which are prepared from other compounds by ignition. 
The corresponding hydroxides, which may be prepared by 
decomposing the tetrachlorides with alkali hydroxide, possess 
feebly basic properties; and the sulphates Ru(S04)2, Ir(S04)2, 
and Pt(S04)2 are known. Moreover, certain of the dioxides 
form definite compounds with alkalis, hexahydroxyplatl* 
nates are of the type M2Pt(OH)0, showing analogy with 
MgPtClft. Likewise the tetrachlorides combine with the 
chlorides of the alkali metals to form well-known complex 
salts containing the acidic ion (MClg)". The best-known of 
these salts are the chloroplatinates or platinichlorides, 

for instance, KgPtCle. ^ 

The type MO3 is represented by compounds of ruthenium, 
rhodium, osmium, and platinum. Ruthenium forms a salt, 
potassium ruthenate, K2R11O4, H2O corresponding with the 
unknown anhydride RuOg; this salt, by its mode of preparation 
and properties, calls to mind potassium manganate, for it is 
converted by dilute acids into potassium perruthenate, 
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KRuO^, HgO with separation of a lower oxide. The perm- 
thenate is also formed by the action of chlorine on a solution 
of the mthenate; being hydrated it is not isomorphous with 
the permanganate. Potassium osmate, K2OSO4, 2H2O, 
crystallizes in octahedra. Sodium rhodate, Na2Rh04, and 
Potassium platinate, K2Pt04, are known. 

The tetroxides RUO4 and OSO4 are the only knowii com- 
pounds in which four atoms of oxygen are united to a single 
atom of another element. The nearest approach ro this 
high state of oxidation is seen in permanganic and perchloric 
anhydrides. Now the acid corresponding with MngOy, vi?. per- 
manganic acid, although unstable, is a powerful acid, judging 
by the extent of its electrolytic dissociation in aqueous solu- 
tion; and this is in accordance with the generally observed 
fact that the presence of oxygen intensifies acidity. 

In the case of ruthenium, salts corresponding with the acids 
H2RUO4 and HRUO4 are known, as was mentioned above, 
although the acids themselves have never been obtained. 
Since the tetroxide dissolves in water it would be expected 
to form a strong acid. This, however, is not the case, for 
the solution does not possess an acid reaction, and does not 
decompose carbonates. The same is true of the corresponding 
solution of osmium tetroxide, which is erroneously known as 
osmic acid. Both these oxides are low-melting, volatile solids, 
which, when heated, decompose into oxygen and the dioxide. 
Their solutions are reduced by organic matter with the precipi- 
tation of finely-divided metal. On this account a solution 
of “ osmic acid ” is used for staining microscopic prepara- 
tions. 

The neutral property of these tetroxides, due to complete 
absence of hydroxylation in aqueous solution, presents a unique 
phenomenon. It has been previously observed, however 
(p. 106 , that power of hydroxylation of typical oxides diminishes 
regularly from the fourth group onwards, and consequently 
should disappear in the eighth group. In sub-group VII A 
the analogues of ruthenium and osmium are masurium and 
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rhenium, and mono-hydroxylation is shown in per-rhcnic acid 
which, like permanganic acid, is monobasic. Therefore the 
neutral character of these tetroxides is quite in accordance with 
the requirements of the periodic law, and with the inertness 
of the oxides of the eighth group. Nevertheless feeble com- 
pounds with alkali hydroxides exist, e.g. OSO4, 2KOH, which 
are strongly hydrolyzed in aqueous solution.* A volatile octi- 
fluoride, OsFg (B.P. 47*5°) corresponds with O8O4. 

COMPLEX CYANIDES, AMMINES, AND ALLIED 
COMPOUNDS 

Two important classes of compounds formed by members of 
the eighth group remain to be considered; namely, the com- 
plex cyanides and the ammines. Each of these classes of 
compounds is characteristic of the eighth group as a whole, 
as well as of some of its immediate neighbours in the periodic 
table. They will therefore be studied from the point of view of 
the group. 

The two best-known complex cyanides are potassium 
ferro- and ferri-cyanide, K4Fe(CN)0 and K3Fe(CN)e. The 
former is regarded as a compound of 4KCN and Fe(CN)2, and 
the latter of 3KCN and Fe(CN)8. Whilst, however, the 
former contains ferrous iron and the latter ferric, the iron 
cannot in either case be separated by precipitation, as in the 
case of ordinary ferrous and ferric salts. These compounds 
are not therefore double salts, like the alums, for instance, 
which separate more or less into their components in solution, 
but salts of potassium combined with the complex radicles 
*'^Fe(CN)e, and «»Fe(CN)e respectively. The acids themselves, 
H4Fe(CN)e and H3Fe(CN)e, can be obtained by the suitable 
decomposition of their salts. When, therefore, ferrous and 
potassium cyanides combine together to form potassium 
ferrocyanide, a profound change takes place, by which a salt 
of complex constitution is produced, the iron ceasing to be 


• Tschugaev, Conipt. rend. (1918), 167 , 162. 
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a basic radicle and becoming a constituent of an acidic 
complex. 

One of the best-known cobaltammines is luteocobalt 
chloride, obtained by the oxidation of ammoniacal cobaltous 
chloride solution in presence of ammonium chloride. It is 


therefore a cobaltic derivative, and is represented by the 
formula Cl3Co(NH3)e. Some analogy exists between this 
compound and potassium cobalticyanide, K3Co(C^^e, the 
difference being that whilst Co(CN)e is a tribasic acidic radicle, 
Co(NH 3)3 appears to be a triacidic basic radicle. \ 

An account will first be given of the complex cyanides 
and their allied compounds, and then of the metallic 


ammines, attention being drawn to such analogies as exist 


between them. 


Complex Cyanides 


The following are the principal complex cyanides and their 
allied compounds: 


Types 

H,RX 4 

H4RX4 

H»RXe 

HaRX. 

Fe 


Na4[Fe(SCN)«] 

K,*fF^CN)lNO,] 

Na4[Fe(CN)»H.OJ 

Na,[Fe(CN)4NH,] 

Na,[Fe(SCN),] 

HatFeCCNhNO] 

Na,[Fe(CN),Hp] 

Naa[Fe(CN) 4 NHa] 

Ni 

K,Ni(CN)4 




Co 


H*[Co(CN) 4 ] 



Ru 


H4[Ru(CN).] 



Rh 



K,[Rh(CN),] 


Pd 

K,Pd(CNh 

K.Pd(NO,)tCl, 




Os 


H4[08(CN)4] 



Ir 


K 4 [IKCN)d 



Pt 




KaPt(CN)4Cl. 

KaPt(SCN), 

HjPtCl* 


Where the acids themselves are known their formulae are given. 
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Comparable with the above compounds, manganese and chro* 
mium form the following: 

H4Mn(CN)e, K3Mn(CN)e, 

H4Cr(CN)6, K8Cr(CN)6. KsCr(SCN)e. 

And copper, silver, and gold the following: 

KCu(CN)2, K8Cu(CN) 4, KAg(CN)2, KAuCCN)*, HAu(CN)4. 

Likewise the members of sub-group II B, zinc, cadmium, and 
mercury, form somewhat ill-defined double cyanides. 

The complex or double cyanides in the above table present 
several stages of stability. The least stable are those of nickel 
and palladium, which, although they can be isolated in the 
solid state, are decomposed by dilute acids with separation of 
the simple cyanide. The most stable complex cyanides are 
those from which the complex acid itself may be isolated. 
Quite a number of these are known. The formula of the acid 
itself is given in the table, instead of that of its alkali salt, in 
cases where the acid is stable and has been isolated. 

It may again be pointed out, however, that no essential dis- 
tinction, except in stability, can be drawn between double and 
complex salts, since all stages of stability exist between those 
compounds which are decomposed by water or dilute acids, 
as, for instance, potassium nickelocyanide, and those, such as 
potassium ferrocyanide, in whose aqueous solutions complex 
ions exist, and from which the free complex acids themselves 
can be prepared. 

With the recognition of the existence of complex radicles 
containing cyanogen, arises the question as to their constitu- 
tion. 

It was once customary to regard these salts as derivatives of 
polymerized hydrocyanic acids such as 

HN==C==C=NH and HN=C-~C-=NH 

\/ 

C 

II 

NH; 

• Browning, Chem, Soe, Trans, (1900), 77. 1233. 
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but such a view is not consistent with the lelationship which 
obtains between this class of salts and the metallic ammines 
and analogous compounds. For example, consider the three 
compounds 

KsCo(CN)6, KaCoCNO^)*, ClaCoCNHs)*. 

It is fair to suppose that the two former bodies are of analogous 
constitution; and, as was suggested on p. 480 , K3Cp(NO2)0 
and Cl3Co(NH3)e are related to one another. Indeed the NH3 
groups in the latter compound may be successively replaced by 
NO2 radicles, potassium taking the place of chlorine \as the 
complex cobaltic radicle becomes acidic instead of basicV until 
finally K3Co(N02)6 results. Moreover, as is shown in the 
cable on p. 480 , the complex cyanides themselves can ex- 
change a CN group for another radicle or molecule, such as 
NO, NOg, ASO2, HgO, or NHg. Thus the view that the com- 
plex cyanides are derivatives of polymerized hydrocyanic acids 
is inadequate, because it does not admit of substitution of 
other groups for a CN radicle, nor provide for the classification 
of these compounds with the large class of metallic ammines 
to which they are undoubtedly related. The theories which 
have been put forward regardirg the constitution of the 
ammines will be considered in the sequel, so that for the 
present the constitution of the complex cyanides may be left 
undecided. 

Of the compounds tabulated above, a few only of the most 
important can be considered here. 

Potassium ferrocyanide, K4Fe(CN)6, SHgO. When 
potassium cyanide is added to ferrous sulphate solution, the 
red precipitate first formed dissolves when boiled with excess 
of the cyanide solution, forming a yellow liquid from which 
potassium ferrocyanide crystallizes in quadratic pyramids. 
This salt was at one time prepared by heating iron with po- 
tassium carbonate and nitrogenous organic matter, but is now 
obtained from the cyanides produced in coal-gas manufac- 
ture 
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Hydroferrocyanic acid, H 4 Fe(CN)„ itself separates as a 
white crystalline solid when hydrochloric acid is added to 
a concentrated solution of a ferrocyanide. Its ethyl ester 
possesses the molecular formula (C 2 H 5 ) 4 Fe(CN)e. 

When potassium ferrocyanide is added to excess of ferric 
salt, ferric ferrocyanide, or insoluble Prussian blue, 
having the empirical composition Fe 4 [Fe(CN)j 3 is precipi- 
tated. 

The so-called TurnbulFs blue, obtained by precipitating 
a ferrous salt with ferricyanide solution, is found after 
washing to be identical with insoluble Prussian blue; thus 
it appears that ferrous ferricyanide, if at first produced, 
quickly undergoes intramolecular change into ferric ferro- 
cyanide. 

If the ferrocyanide solution is slightly in excess of the iron, 
the precipitate consists of soluble Prussian blue, or hydrated 
ferric potassium ferrocyanide, Fe”*KFe(CN)6, and if ferrous 
iron is similarly precipitated with a slight excess of ferricyanide 
solution, the product is soluble Prussian blue identical with 
the above. 

Indeed, it has been shown by Hofmann ^ that the blue com- 
pounds produced by precipitating ferric salts with ferrocyanide, 
by the oxidation of ferrous ferrocyanide, which is white, or by 
the reduction of ferric ferricyanide, which exists in solution as 
a brown compound, all conform to one or other of the formulae, 
Fe-4[Fe(CN)fl]3andFe- X*[Fe(CN)e], where x*==hydrogen 
or an alkali metal. 

The intensely blue colour of these compounds is attributed 
by Hofmann and Resenscheck (1907), to the presence of both 
ferrous and ferric atoms within the same molecule. 

The dark appearance which precipitated ferrous hydroxide 
aftgnmea on partial oxidation supports this view, since the dark 
compound formed is hydrated Fe804(=Fe0, FcaOs). Other 
examples of highly coloured substances which are compounds 
of lower and higher oxides of the same element are. 

•Am. 11904). 337 , i; (190s). 340 , 267. 
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Pb304» U30g» Nl030g* 


The suggestion that potassium ferrocyanide may exist in 
isomeric forms has been disproved (Bennett, 1917); neverthe- 
less two isomeric tetramethyl ferrocyanides exist, of empirical 
constitution, (CH 3 ) 4 Fe(CN)e (Hartley, 1913). Since methyl 
groups will not ionize as does potassium, some modification 
of the potassium ferrocyanide structure is to be expeoted, and 
is supported by the production of ammonia and metlWlamine 
when the tetramethyl compounds are hydrolyzed, indicating 
the presence of cyanide and isocyanide groups in the molecule. 
According to Glasstone (1930), the substance is better for- 
mulated as the non-electrolyte, [Fe(CH 3 NC) 4 (CN)J, which 
may exist in the cis- and trans-forms shown below, and in 
which the CH3NC molecules are equivalent to ammonia 
molecules in the ammine structures to be discussed shortly. 


CN 


CN 


CHjNC 


Fe 


CN CH,NC 


CH,NC 


Fe 


CHjNC 


CHsNC CHjNC 


CH,NC 

Cis-form 


CHsNC 


CN. 

Trans-form 


In K 4 [Fe(CN) 3 ] no isomerism is possible, since each point 
of the octahedral structure is occupied by CN groups, and 
the K+ ions are outwith the complex. 

Potassium ferricyanide, K 3 [Fe(CN) J, is a mild oxidizing 
agent. With HgOg in alkaline solution it is reduced to ferro- 
cyanide, the reverse change occurring in acid solution. 

The Nitroprussides. — ^There remain to be considered com- 
pounds of the type HgRX^. The red salt Na 2 [Fe(CN) 5 NO], 
2 H 2 O, known as sodium nitroprusside, is produced by the 
action of nitric acid on sodium ferrocyanide. It may be 
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considered as sodium ferricyanide, in which NaCN has been 
exchanged for NO. Thus between hydroferricyanic acid and 
nitric oxide the following reaction takes place: 

H8Fe(CN)6 + NO = H8Fe(CN)8NO + HCN. 

On Sidgwick*s view (cf. metallic nitrosyls) the NO molecule 
here provides three electrons in place of the two removed by 
(CN)” when HCN is formed as above. Two of these co- 
ordinate NO to iron, the odd electron passing to the inner 
quantum group of the iron atom, so that the ferric iron of the 
ferricyanide becomes ferrous in the nitroprusside. Did the 
latter contain ferric iron, analogy with similar compounds leads 
us to expect a more stable ferrous derivative; that such does 
not exist, favours the view here given. The NO group in the 
complex will be positively charged. 

This substance is used as a reagent for alkali sulphides, with 
solutions of which it gives a purple colour. The compound 
thus produced is very unstable. Its composition may be 
represented by the formula Na4[Fe”(0==-N->S)(CN)6]. 

Hydrogen sulphide itself is not sufficiently ionized in solu- 
tion to react with nitroprusside. 

In nitroprussides a (CN)' group can be exchanged for lip 
or NH3, as in compounds of other types. 


Ammines, or Ammoniacal Compounds of the Metals 

It is well known that when ammonia is added to an aqueous 
solution of cupric sulphate, the basic sulphate which is at first 
precipitated dissolves in an excess of ammonia, forming a deep 
blue liquid. From this liquid long prismatic crystals of 
cuprammonium sulphate, CuSO*. 4 NH„ H*0,canbeobtamed 
by adding alcohol to the concentrated solution. SmiiMy, 
from cupric chloride crystals of the composition CuCla, 

HgO can be produced. Both of these salts lose some ammonia 

^ A? 1^® oisO,, 4NH3, HjO becomes CuSO*, 2NH3, and at 

200 ° CuSO., NH3. 
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CuClg, 4NH3, 2H2O, which is deep blue, yields the green 
compound CuClg, 2NH3 when moderately heated, and this 
at higher temperatures breaks up as follows: 

6 (CuCl 2 , 2NH8) = SCuaCla + 6 NH 4 CI + 4NH8 + Nj. 

Further, anhydrous CuClg absorbs ammonia, forming CuClg, 
6NH3, whilst anhydrous CUSO4 forms the compound CUSO4, 
5NH3. Cuprous chloride, as well as both cuprous and cupric 
oxide, also forms compounds with ammonia. \ 

The constitution of these compounds can best be arrayed at 
by a consideration of the properties of their solutions. Dawson 
and McCrae have shown * that when cupric oxide dissolves in 
ammonia a soluble base of the composition Cu(NH3)2(OH)2 
is produced, which undergoes partial electrolytic dissociation 
into Cu(NH 3)2 and OH ions, and further, that when ammonia 
is gradually added to a solution of cupric sulphate, the follow- 
ing changes probably take place: 

CUSO4 + 2NH3 + 2H2O Cu(OH)2 + (NH4)2S04 

Cu(OH)a + 2 NH 8 ^ Cu(NH 3 ) 2 (OH 52 ; 

Cu(NH 3)2(OH)2 -f (NH4)2S04 ^ Cu(NH8)4S04 + 2 H 2 O, 

the cuprammonium sulphate thus produced dissociating elec- 
trolytically as follows: 

Cu(NH3)4S04 Cu(NH 8 )i + SO 4 . 

Probably some of the base Cu(NH3)2(OH)2 also exists in 
the solution, together with its dissociated ions. These com- 
pounds easily decompose with the evolution of ammonia, and 
this takes place in accordance with the following schemes : 

Cu(NH 8)4 ^ Cu + 4NH8 
CudSTHa)* Cu + 2NHa. 

Ammonia is therefore intimately associated with the metal in 
these compounds; at the same time it appears to take the 


• Chem. Soc, Tram, ( 1900 ), 77 , 1239 . 
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4 NH crystallization in the compound CuSO^, 

Compounds of analogous composition are probably produced 
in the case of cuprous oxide and chloride, as well as with zinc 
sulphate, cadmium iodide, and nickel sulphate. 

Silver chloride forms with ammonia a solution, probably 
containing the compound AgNHgCl, and from which crystals 
of 2 AgCl, 3NH3 can be obtained; and the oxide forms a 
solution containing AgNHgOH, from which the nitride AggN, 
known as fulminating silver, separates on exposure to air. 

Zinc chloride forms several compounds with ammonia, the 
substance ZnCl2NH3 being so stable that it may be distilled 
without decomposition at a red heat. 

From analogy to hydrates these compounds may be termed 
ammoniates. They comprise, firstly, the more stable am- 
mines, discussed below, in which NH3 molecules are definitely 
associated with the metallic ion, and secondly, the looser and 
often more highly ammoniated compounds where these 
molecules form part of the general crystal structure, 

Ammonucal Compounds of the Eighth Group, 

AND of Chromium 

A very large number of these ammines are known. 

The following are a few typical cobaltammines possessing 
characteristic colours: 

Luteocobaltic * chloride, (NH3)flCoCl3, is obtained in 
reddish-yellow prisms when a solution of cobaltous chloride 
to which ammonium chloride and ammonia have been added 
is exposed to the oxidizing action of air, bromine, or lead 
peroxide. If ammonia only is added to cobaltous chloride, 
hydrochloric acid precipitates from such a solution after atmo- 
spheric oxidation roseocobaltic chloride, H20(NH3)5CoCl3. 
When a solution of this substance in acid is warmed, pur- 
pureocobaltic chloride, (NH3)5CoCl3, is precipitated. The 
radical N02^ can replace chlorine from the above compounds, 

• ImUus = yellow. 


(d170) 


17 
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Thus from the purpureo salt the following substances may be 
produced by the action of nitrous acid: 

Croceocobaltic • chloride (NH3)6CoCl8N02. 
Xanthocobaltic f chloride (NHs)6CoCl(N02)2. 

Representative examples of cobaltammines and allied bodies 
are brought together in the following table, in whic^ syste- 
matic nomenclature is adopted: 

I. Compounds with a trivalent positive radicle, 

Hexammine cobaltic salts [Co(NH8)6]X8. 

Aquopentammine cobaltic salts [HaOCo(NH8)6]5 

Diaquotetrammine cobaltic salts [(H 20 )aCo(NH 8 ) 4 ])C 8 . 

Triaquotriammine cobaltic salts [(H20)8Co(NH8)8]X8. 

Tetraquodiammine cobaltic salts [(H20)4Co(NH8)2]X8. 

II. Compounds with a bivalent positive radicle, 

Chloropentammine cobaltic salts [ClCo(NH 3 ) 6 ]Xa. 

Bromopentammine cobaltic salts [BrCo(NH 3 ) 6 ]X 2 . 

Nitratopentammine cobaltic salts [N08Co(NH8)5]X2. 

Nitritopentammine cobaltic salts [N08Co(NH8)5]X2.' 

Chloroaquotetrammine cobaltic salts [ClH20Co(NH3)4]X8. 

Chlorodiaquotriammine cobaltic salts [Cl(H80)2Co(NH8)3]X2 
Chlorotriaquodiammine cobaltic salts [Cl(H20)8Co(NH8)2]X8 

III. Compounds with a univalent positive radicle, 

f 1*6 Dichlorotetrammine cobaltic salts (praseo J) 

[Cl2Co(NH8)4]X. 

1 1*2 Dichlorotetrammine cobaltic salts (video) 

[Cl2C0(NH8)4]X. 

[1*6 Dinitritotetrammine cobaltic salts (croceo) 

I [(N02)2Co(NH8)4]X. 

1 1*2 Dinitritotetrammine cobaltic salts (flavo §) 
t [(N02)2Co(NH8)4]X. 

Praseo-diethylenediammine cobaltic salts 

[X2Co(C2H4(NH8)a),]X. 
Violeo-diethylencdiammine cobaltic salts 

[X2Co(C2H4(NH2)a)JX. 

Carbonatotetrammine cobaltic salts [COsCo(NH 3 ) 4 ]X. 


♦ «cpdico$ — saffron, 
t favWs — the colour of ripe com. 


Xirpaaxvot = leek green. 

§ flavus » golden yellow. 
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IV. Cofnpounds with no valency, 

I!* o t Trinitritotriammine cobalt [(NOa)j,Co(NH,)J. 

11, a rnnitntotriammine cobalt [(NOajaCoCNHaij, 

Trinitratotriammine cobalt [(NOa),Co(NH,)J. 

V. Compounds with a univalent negative radicle. 

Salts of tetranitritodiammine cobaltic acid M[(N08)4Co(NHs),J. 

VI. Compounds with a bivalent negative radicle. 

Salts of pentanitritoammine cobaltic acid Ma[(N02)6Co(NH3)]. 

VII. Compounds with a trivalent negative radicle. 

Salts of hexanitritocobaltic acid (cobaltinitrous acid) Ma[(N02)eCo]. 
Salts of cobalticyanic acid M 3 [(CN)«Co]. 

These compounds are all cobaltic derivatives, in which the 
cobalt atom is normally trivalent. It is to be observed, firstly, 
that the complex radicle inside the square brackets always 
consists of a cobalt atom attached to six univalent groups or 
atoms or their equivalent; secondly, that the exchange of a 
molecule of ammonia for one of water does not affect the 
valency of the complex as a whole, so that the group 
[H20 Co(NH 3)6] is trivalent, as well as [Co(NH8)J; t>ut that 
if ammonia is exchanged for acidic atoms or groups, as in 
[N02Co(NHg)8l, the valency of the whole is diminished to the 
extent of the valency of the replacing atom or group. 

Thus the four compounds, whose empirical formulae are: 

Co(NH8)eCl3, Co(NH8)5(N02)Cl2, Co(NH8)4(N02),Cl, 
CofNHsbCNO*),, 

showing a successive diminution in the number of ammonia 
molecules with the same total number of negative radicles, 
differ in electric conductivity in equivalent solutions. For at 
a dilution of 1000 litres the molecular conductivities of the 
first three salts are 431*6, 246*4, and 98*35 units respectively, 
whilst that of the fourth salt is almost zero, it being practically 
a non-electrolyte. The formulae for these compounds may 
therefore be written: 

[Co(NH3)e]”*Cls, [(N02)Co(NH8)J-Cl2, [(N02)*Co(NH8)4]-Cl, 
f(N02)3Co(NH3)J^ 
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the radicle within the square brackets constituting a complex 
basic ion in the first three compounds, and an electrically 
neutral molecule in the fourth. 

It will be observed, however, that the second and third 
formulae suggest the possibility of a kind of isomerism; for 
instance, an alternative to the third compound would be 
[C1(N02 )Co(NH 3)4]-N02. Cases of such isomerism haVe been 
observed; * the phenomenon is called ionization-metamerism. 

From the non-electrolyte [(N02)3Co(NH3)3] the threfc NH3 
molecules may be successively replaced by acidic radicfes, so 
that the valency becomes negative; or, in other word^, the 
molecular complex becomes an acidic instead of a basic radicle. 
For instance, the following potassium salts may be formu- 
lated: 

K[(N02)4Co(NH3)2]', K2[(N03)5Co(NH3)]", K3[(N03)3Co]'". 

The first salt has a molecular conductivity at 1000 litres dilu- 
tion of 99*29, comparable with 98*35 for [(N 02 ) 2 Co(NHs) 4 ]‘Cl; 
the second salt is as yet unknown; the last salt is the familiar 
potassium cobaltinitrite. 

The question now arises as to the relationship of the nega- 
tive atoms or groups in these compounds to the cobalt atom, 
since they sometimes form part of the basic radicle, and 
sometimes constitute acidic radicles. This question is met by 
the hypothesis that when the negative atom or group is 
directly attached to the cobalt atom it is not capable of electro- 
lytic dissociation, but forms part of a complex group, whereas 
when it is attached through a molecule of ammonia it under- 
goes electrolytic dissociation in solution, and constitutes an 
acidic radicle. 

Thus, in the complex 

Cl^i) is not ionized in solution, whilst CldD is ionized. So 

• Wemer, Ber. ( 1907 ), 40, 34 . 
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according to this view, the salts of cobaltammine bases may be 
regarded as substituted ammonium salts. 

The valency of the cobalt atom remains, however, to be 
decided. It is possible to represent the constitution of, say, 
[Co(NH 3 )e]Cl 3 in such a manner as to show the cobalt to be 
trivalent, as by the formulae: 


/NHa-NHa-Cl 
Co— NHa-NHa'Cl or 
xNHa-NHa-Cl 


/-NHa-Cl 
Co— NHa-NHa-Cl 
" NHa-NHa-NHa-Cl, 


and then to represent a chlorine atom entering the basic com- 
plex according to the above principle as follows: 


/Cl 

Co— NHa-NHa-Cl 

NH«*NH,-NH -Cl. 


This constitutes the theory of Blomstrand and Jorgensen. 
Werner, however, has shown that this view does not suffice 
to account for the remarkable properties of some of these 
compounds, to which attention must now be drawn. 

In the third group of compounds in the table three cases 
of isomerism are quoted, the isomers differing chiefly in 
the colours of their salts. Thus, compounds of the type 
[A2 Co(NH 3)4]X may be green or violet, and are known as 
praseo- and violeo-cobaltammines respectively. This phe- 
nomenon, first observed by Jorgen- 
sen, has been attributed by Werner* 
to stereo-isomerism, that is, to a 
difference in the relative positions 
in space of the six groups around 
the central cobalt atom, which, 
together with this atom, constitute 
the basic radicle. According to 
Werner, these six atoms or groups 
lie at the six angular points of a 
regular octahedron, the cobalt atom 
being in the centre, as above. 



» Her. (1907), 40 . 4817. 
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It will be seen from an inspection of the figure that the 
positions 1 and 6 are similarly related to the central plane, 
whilst the positions 2 , 3 , 4 , and 5 are similarly situated with 
regard to 1 or 6 . Supposing, therefore, that position 1 is 
occupied by one of the two A atoms or radicles within the 
basic complex in the compound [A2Co(NH3)JX, the second 
A atom or radicle may be at 2 , say, or at 6 , and may thus give 
rise to two stereo-isomers.* The remaining four positions will 
in each case be occupied by the four ammonia groups. \ 

Thus Werner represents the isomerism of these compdunds 
in the following way: \ 



This stereo-chemical theory further requires that with three 
acidic radicles within the basic complex, two isomers should 
be known in which the three radicles in question occupy the 
positions 1 , 2 , and 4 , and 1 , 2 , and 3 respectively. The neutral 
compound [(N02)3Co(NH3)3] is known in two isomeric forms, 
and thus further support is given to the theory. 

Jorgensen f sought to account for the isomerism of the pairs 
of salts [(N02)2 Co(NH 3)4]*X and [Cl2Co(C2H4(NH2)2)2]-X by 
assuming differences in the constitution of the NO2 radicles, 
and the arrangement of the ethylene-diamine molecules; but, 
apart from this, Werner, J having established the existence of 
two isomeric salts of the composition [ClaCo(NH3)4]*X, has 
justified the stereo-chemical formulae. 

* The A radicles might also be considered situated at a and 5. and 2 and 4 respec- 
tively; the result would be the same, 
t Zeit. anorg. Chem, <1897), 14 , 410, and (1899), 19 , 109. 
t Ber, (1907). 40 , 4817. 
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Nevertheless, Werner has departed from the usual ideas of 
valency in thus accounting for these compounds. Indeed, he 
assumes that two kinds of valencies exist — principal valencies 
and auxiliary valencies. Principal valencies are what are 
ordinarily understood by units of valency; when they are 
active the saturation capacities of the atoms exercising them 
are thereby diminished, and the basic or acidic radicles united 
by means of them are capable of ionization in solution. 
Auxiliary valencies unite groups of atoms which can ordinarily 
exist as independent molecules, and which cannot separately 
become ions; their existence does not diminish the number 
of principal valencies of the atoms concerned. 

Since water and ammonia molecules attached to the cobalt 
atom do not diminish the ordinary (tri-) valency of that atom, 
Werner assumes that these molecules are co-ordinated with the 
cobalt atom by means of auxiliary valencies, and the number 
of them, generally six, is called the co-ordination number. 
Moreover, he extends this theory to include double and 
complex salts and crystallohydrates.* 

Finally, the following generalization with regard to the 
cobaltammines and analogous substances may be given: 

The combining power of the basic radicle present in ammines and 
allied compounds is always found to be equal to the difference be- 
tween the normal valency of the metal, and the number of acidic 
radicles already included within the complex group containing the 
metal, 

Ammines and analogous compounds formed by other metals 
may now be briefly mentioned. Of these, the most closely 
allied to the above are those of chromium, derived from 
chromic salts, among which are the following: 

Aquopentammine chromic salts, c.g. [HtO(NHt)6Cr]‘**Cl|. 

Chloropentammine chromic salts, e.g. [Cl(NHB)BCr]**Cl|. 

Nitritopentammine chromic salts, e.g. [NOf(NH8)6Cr]**Cl*. 

Tetrathiocyanatodiammine chromites, c.g. K[(SCN) 4 (NHa) 2 Gr] . 

• See Newt Anschauungen aufdm GebieU der anorganischen Chemie, by A. Werner, 

iQog. 
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It will be noticed that the same law applies to the formation 
of these chromic compounds as to the cobaltic ammines; and 
analogous phenomena of isomerism have also been observed.* 
Iridium forms three classes of ammines, derived from 
iridious chloride, IrCl2) from iridic chloride, IrCl4, and from 
the trichloride, IrClj, these latter being analogous to the 
ammines of cobalt and chromium. / 

All the remaining metals of the eighth group, with me re- 
markable exception of iron, form ammines, though only those 
of platinum need be described. Nickel salts form compounds 
with ammonia, but they are related to the copper ammomacal 
compounds rather than to those of cobalt. 

Platinum forms two well-defined series of ammines corre- 
sponding with the platinous and platinic salts. 

The following series is derived from platinous chloride: 

Tetrammine platinous chloride [Pt(NH8)JClg. 

Chlorotriammine platinous chloride [ClPt(NH 3 )s]CL 

Dichlorodiammine platinum (two isomers) [Cl 8 Pt(NH 8 ) 2 ]. 
Potassium trichloroammineplatinite K[Cl8Pt(NH8)], 

Potassium (tetra)chloroplatinite K 8 [Cl 4 Pt]. 

And the following from platinic chloride, PtCl^: 

Electric 

Con- 

ductivity. 


Hexammine platinic chloride [Pt(NH 8 ) 6 ]Cl 4 . 522*9 

Chloropentammine platinic chloride [ClPt(NH8)6]Cl8. — 

Dichlorotetrammine platinic chloride [Cl 2 Pt(NH 3 )JCl 2 . 228 

Trichlorotriammine platinic chloride [Cl8Pt(NH8)8]Cl. 96*75 

Tetiachlorodiammine platinum (twoj tCUPt(NH.)J. .pprox. 0 
isomers) J 

Potassium pentachloroammineplatinate [Cl6ptNH8]F 108*5 

Potassium (hexa)chloroplatinate [ClePtlKa. 256 


In the first of these series the maximum number of ammonia 
molecules which can exist within the complex is four, and in 
the second six. It will be observed that the same law concern- 
ing the replacement of ammonia by acidic radicles obtains as 
with the cobalt ammines. 


• Pfeiffer, Ber, (1904), 37 , 4255. 
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The well-known compounds, the chloroplatinites and chloro- 
platinates (platino- and platini-chlorides), are regarded as the 
limiting examples in the two classes of ammine compounds. 

Finally, there must be considered the two pairs of isomers 
which these two classes of platinum ammines afford. 

The non-electrolytic, neutral substance [Cl 2 Pt(NH 3 )J con- 
tains four groups attached to a central atom in two pairs. It 
is thus analogous to methylene chloride, CHgClg. This latter 
body, however, does not present any phenomenon of iso- 
merism, because the 4 atoms attached to the central carbon 
atom are equally distributed in space around it, as at the angular 
points of a regular tetrahedron. If, however, the 4 atoms or 
groups lay in one plane with the central atom, then isomerism 
would be possible. The isomerism of the above platinum 
compounds may be accounted for on this hypothesis, and their 
stereo-chemical formulae may be constructed as follows: 



or more simply: 



(cis-form) 


(trans-form) 


These two compounds, which have been studied by Wemer, 
and whose geometrical isomerism is appropriately represented 
by the above formulae, have been named respectively: chloride 
of platosemidiammine (cis-form) and chloride of platosammme 
(trans-form).* If two chlorine atoms are added to each of the 
above compounds, so that platinic derivatives result, two 
more isomers are obtained— the tetrachlorodiammine platinum 
compounds: 

• These names relate to the old formulae, 

p^^NH,-NH.-Cl rcpectivdy. 


(d170) 


17 * 
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Cl 01 


3 


Cl Cl 

These two bodies are analogous in their isomerism to 
dichlorotetrammine cobalt compounds. 

By applying to the above formulae the principles of 
metry ” which underlie the formulation of optically active 
carbon compounds, it is possible to predict the existence of 
optically active metallic ammines and similar compounds. 
Thus suppose the six groups or radicles AgBCD or ABC2D2 
to surround a nuclear metallic atom; the complex thus pro- 
duced may exist in two stereo-isomeric forms which are 
mirror images one of the other, and therefore should ppssess 
equal and opposite powers of rotating a beam of polarized light. 
This is shown in the following schemes: 





Werner has realized this optical activity in the case of com- 
pounds of cobalt and chromium, where ethylene diamine, 
NHg • CH2 • CHg • NHg, symbolized as ew, displaces CC and 
DD in the second scheme, thus: 

B 

7 

A 
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He has also resolved tridipyridyl ferrous bromide (FeDipyr3)Br2 
into optically active components by crystallizing it fractionally 
with dextro-ammonium tartrate. 

Lest it be thought that the optical activity of such isomers 
is due, not to the nuclear atom, but rather to the organic 
addenda, it should be noted that the purely inorganic compound 

[[(OH),Co(NH3)j3Co]Bre 


has been resolved into active isomers. The specific rotations 
given by these compounds sometimes amount to thousands 
of degrees, far greater than the values obtained from carbon 
compounds. 

Modern chemical theory recognizes Werner’s two types of 
valency in these compounds, and agrees that the principal 
valency arises from the nuclear atom. It is found, moreover, 
that when neutral molecules, such as NHg, enter a complex 
they do not aiffect the principal valency, but they themselves 
furnish the electrons whereby they cc -ordinate to the central 
atom. Thus the nuclear atom is not required to provide the 


auxiliary valencies of Werner, indeed, its function is receptive 
only, since it furnishes space for the attachment of the entering 
molecules. In the cobaltic ammine, [ClCo(NH3)6]Cl2, there 
is room for six atoms or groups disposed octahedrally round 
the central cobalt atom, and each of these is attached by a 
bond consisting of two electrons. The sixth member here 
was originally a negative chloride ion, and its presence in the 
complex will diminish the total positive charge by one unit, 
since, in effect, it has returned one electron to the cobalt 
atom, and is now covalently linked thereto. Two other cobalt 
electrons are still available, and these are retained by the two 
chlorine atoms which are united by electrovalencies, i.e. are 
ionized, and beyond the co-ordination j"™' 

mediately surrounds the cobalt atom. Werners principal 
valency of the tervalent cobalt atom is here composite, con- 
sisting of one covalency and two electrovalencies. Thus, his 
formula, [ClCo(NH3)6]++Cl8- is confirmed. 



INORGANIC CHEMISTRY 


498 

When isomerism produces optical activity, the structures 
deduced therefrom rest on the very secure basis of the asym- 
metry of the molecule. 

Space-isomerism of the cis- and trans- type is more difficult 
to establish for apparent isomerism may not be due to similar 
geometrical plan, but to different structures altogether. Here 
X-ray analysis is valuable. j 

Four compounds exist having the same empirical com- 
position as the diammine of palladous chloride (NHgj^dClg. 
Two are yellow and amorphous, two are crystalline, one pink, 
one red. According to Griinberg (1933), Drew (1932),\Mann 
(1935), and their co-workers, these have the structures: \ 


HaNv^ yCl 
Pd( 

HgN/ \i 


Cl 


Cis-fomi 

yellow. 


H,N>^ /Cl 
a/ ^NH, 

trans-fonn 
yellow and red. 


[(NH3)4Pd] [PdCIJ. 


Pink. 


The pink compound is therefore a pallado-chloride of a salt- 
like structure, while Mann attributes the yellow and red 
modifications of the same trans-molecules to different crystal 
structure. 

For the most part the arrangement of four atoms or groups 
round a central atom is tetrahedral, but Werner^s co-planar 
structure has been substantiated in certain 4-covalent com- 
pounds of bivalent platinum and palladium, and, following 
theoretical predictions by Pauling, has been extended to nickel 
(Sugden, 1932), and to copper (Cox, 1936). By X-ray 
methods, a planar configuration has been confirmed in the 
complex ions of 

KaPtClJ KaPPdClJ [Pt(NH8)JCl8. 

In certain cases a tetrahedral arrangement seems possible, for 
optically active compoimds of 4-covalent platinum, nickel and 
copper have been reported. 

Similarly, the octahedral grouping, MXe, is confirmed in 
[Ni(NH8).]Cl, [Co(NH8).]l2 
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Examples of co-ordination compounds will be found 
throughout this book: the list below contains some of a purely 
inorganic type arranged in order of co-ordination numbers 

(C.N.). 

C.N. 

1. [Fe(NO)]S04; KIAg(S>Oa)]. 

2. K[Ag(CN)J; K[Cu(CN)J; [Ag(NH,)ja. 

3 . HEHgClJ; K,[Ni(CN)J; IAg(NH,)dCI. 

Ks[Mn(CN)d 

4 . [Cu(NH,)JS 04: K,[Mn(CN)4]; [Be(H40)4]S04. 

K,[Cu(CN) 4] KjLCdli] [Be(Be 0 ) 4 ]S 04 

6. Cs,[ZnBrJ; KjDBiCy; KilJFt]; KtThF,]. 

6. K,[Sc(CNS) 4]; KjEGeFJ: Na^ZrCl,]; Ca[MnCl,]. 

Fe[Fe(CNS),] KjiPbCl,] KJMoCljH.O] K,[IrCl,]. 

K.[HfF.] 

7 . NaH,[Sn(CNS),]; (NH4),[SiF,]; K^LObF,]; K4[RuCl,]. 

Kj[TaF,] 

8. K4[Mo(CN)d: K,H[PbFa]; K,[TaFJ; K4[Mii(CN)J. 

K4[W(CN),] tCa(NH,)JCl, 

9 . NasCZrF,]. 


In general, co-ordination numbers of four and six are most 
common, and it will be observed that fluorine and (CN) 
produce the highest values. The existence of eight- and nine- 
fold co-ordination has not been satisfactorily explained: pre- 
sumably the structure in the first case is cubic, but this is 
uncertain. In some cases the explanation may lie in the 
crystal lattice, as has been shown with (NH4)j[HfFJ where 
the structural imits are (NH 4 ) 2 [HfF J and NH 4 F. 

The molybdenum and tungsten compounds K4[X(CN)g], are 
stable, and the free acid, H4[W(CN)8] exists. In such a 
structure, the central atom, X, will possess the same sta e 
number of electrons (its E. A. N.) as the next inert gas, as is 
the case with Fe in K4[Fe(CN)e], thus: 


[WfCNId- 

W = 74 4- 8 + 4 = 86. (Rd.) 


IFe(CN),F 

Fe = 26 + 6 + 4 - 36. (Kr.) 


Chelate compounds (Greek chek, a crab’s claw) ate 
formed when the added molecule or group has two points of 
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attachment to the centre atom, either by covalency, or co- 
ordination, or both. Ring structures then arise, as in the 
complex oxalato-salts or the co-ordination compounds of 
ethylenediammine: 


rOC~-0\ /O—COn ^NH^CHa 

Ma- 1 )Be( I ; M. 1 
L0C-~0/ COj ^NHaCHaJ 

More than one ring may form should the entering group 
possess three or even four points of attachment; sucH groups 
are tridentate or quadridentate, \ 

It is a property of certain diketones that they are sufficiently 
acidic in the enolic form: \ 


— CO— CHa— CO— ^ —C(OH)=CH— Go- 


to replace the hydroxyl hydrogen by metals. Apart from the 
compounds of the alkali metals, these compounds are scarcely 
salts; in volatility, solubility, and electrical conductivity, they 
resemble covalent compounds. Werner explained the sup- 
pression of saline characteristics by internal co-ordinatibn, as 
in the beryllium compoimd of acetylacetone (where and 
R2 = CH3) 

Ri— C-=CH— C— Ra 

I II 

o o 

0/ ^ 


Ri“ 


-CH— C— Ra 


It was shown by Mills and Gotts (1926) that the valencies 
round beryllium are arranged tetrahedrally when they found 
optical activity in the corresponding benzoyl pyruvic acid 
derivative (R^ == CeH^, Rg = COOH). 

Particularly valuable are the complexes which nickel forms 
with substituted glyoximes, 

Ri— C— C— Rt 

II II 

HON NOH. 
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Thus, dimethylglyoxime (Rj and Rj = CH 3 ) serves for the 
cstimstion of nickel, while, from nickel benzylmethylglyoxime 
(^1 ~ ~ ^«^bCH 2 ), Sugden (1932) obtained two dia- 

magnetic, cis- and trans-isomers, the nickel valencies being in 
planar distribution. The trans-structure is shown below, 
orientation of the structure to bring similar groupings 
opposite each other will give the cis-form. 

RiC-NOH O. N CRa 

‘ \ 


Ni 


y 


R2C--N->0 


\ 

HON- 


OR, 


Ferric iron may be estimated by the insoluble compound it 
forms with nitrosophenylhydroxylamine cupferron 


CeHjN 


/OH pCeHsN-O/ 

\no 


rCeH5N~0\“ 

L N=0/. 


Fe. 


Of similar type are many of the insoluble metallic compounds 
formed by mordant dyestuffs. When chelate compounds are 
volatile, or soluble in organic solvents, they may be used to 
effect separations. They have been used also in the theory of 
maximum covalency. Thus, with acetylacetone (= A), it is 
found that boron forms a salt, [BAJ+X”, whereas aluminium 
forms AIA3, from which it is inferred that aluminium may be 
6-covalent, but boron is limited to a covalency of four. 

It has long been known that some organic acids possessing 
amino- or hydroxy-groups, e.g. tartaric acid, will prevent iron, 
aluminium, chromium, copper, &c., from displaying their 
normal reactions. Presumably chelate salts are formed, due 
to the presence of a donor atom such as oxygen or nitrogen. 


Metallic Carbonyls 

Certain salts of elements in Groups I B and VIII form 
compounds with CO; that one formed by cuprous chloride in 
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ammoniacal solution, Cu(CO)Cl, has long been used to 
estimate CO in gaseous mixtures. 

Alkali and alkaline-earth elements, and some transition 
elements, form carbonyls where CO combines directly with 
the metal. Thus, in liquid ammonia solution, sodium and 
potassium combine with carbon monoxide to form the coloured, 
unstable solids, NaCO and KCO, of uncertain structujbe. 

The formation of carbonyls of group VIII elements by 
direct addition, thus: \ 

xM + yCO ^ Ma,(CO)y, \ 

is facilitated by high pressure and low temperature. \ 

Nickel carbonyl (Mond, 1890), formed as a vapoilr by 
passing carbon monoxide over freshly reduced nickel at 30-50°, 
and atmospheric pressure, is a liquid boiling at 43*2°. It 
deposits nickel when further heated, and serves for the puri- 
fication of nickel by the Mond process. 

Cobalt carbonyl, Co 2 (CO) 8 , formed at 150° under 40 
atmospheres pressure, is orange and crystalline, melting at 51°. 

Iron pentacarbonyl, Fe(CO) 5 , Jesuits when the reduced 
metal is exposed to CO gas for twenty-four hours, and yields 
yellow crystals at —20°. It is dissociated by light thus: 

2Fe(CO)6^Fe*(CO)9 + CO; 

whilst at 100° the following change takes place, 

3Fe*(CO), - 3Fe(CO)5 + FeaCCOi,. 

At 140-160°, Fe 3 (CO)i 2 dissociates into metal and CO gas. 

The following carbonyls are known: those of group VI 
are formed from the chlorides in presence of Grignard re- 
agents: 

Group VI. Group VIII. 

Cr{CO), Fe(CO)s Co, (CO), NUCO), Ru(CO), 

Mo(CO), Fe,(CO), Ru,(CO), 

W(CO), Fe,(CO)i, Co 4 (CO)„ 

The monomeric type having one metallic atom are soluble 
in organic solvents and are volatile; those of group VIA 
being colourless. Volatility and solubility lessen, and colour 
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deepens with complexity. They are reducing agents, and 
decompose with strong acids. When vaporized in air they are 
explosive. 

Nickel carbonyl reacts with alkali only in presence of oxygen 
to give NiO and CO 2 . The more reactive iron pentacarhonyl 
forms halogen compounds directly, of the type, [Fe(CO) 4 ]X 2 , 
and with alkali, yields a yellow liquid, a carbonyl hydride, 
M.P. -70", thus: 

Fe(CO)5 + Ba(OH)2 - Fe(CO)4H2 -f BaCOa. 


This reactive substance forms salts with organic bases, and 
metallic derivatives are known, e.g. Fc(CO) 4 Na 2 , Fe(CO) 4 Cd, 
from which the hydride is regenerated by dilute acids. It is a 
strong reducing agent, and gives with Mn 02 an excellent yield 
of [Fe(CO) 4 ] 3 (Hieber; Feigl; 1928 onwards). Cobalt carbonyl 
behaves similarly, yielding Co(CO) 4 H. 

Nitrosylcarbonyls are formed when nitric oxide reacts 
with iron or cobalt carbonyls. Thus, Fe(CO )4 yields an 
unstable, red, crystalline compound, Fe(CO) 2 (NO) 2 , M.P. 
18-5", which with iodine gives, Fe(NO) 2 l. Under pressure, 
iron pentacarhonyl reacts to give the black tetranitrosyl, 
Fe(NO) 4 , while cobalt carbonyl, Co 2 (CO) 8 , at 40 , gives the 
red liquid, Co(CO)3NO,B.P. 78-6". ^ 

These compounds differ, on the one hand, from nitrosyl 
compounds of the halanhydride type, e.g. NOCl, and on the 
other, from the salts formed when nitric oxide is passed into 
strong acids, e.g. [N0][C10J; [N 0 ][S 04 ^. The^ are 
electrolytes in suitable solvents, furnishing the cation, [NOr 
(Hantzsch, 1930, Angus, 1935). The constitution of chamber 
crystals ”, nitrosyl sulphuric acid, is probably that given above. 

The metalUc carbonyls present an interesting problem ot 
valency; and the Mowing types of carbonyls need to be 
considered: 

Ni(CO)4, Co.(CO)„ Fe(COh, Mo(CO),. 

According to Sidgwick {Ekctronic Theory 

the aton« of nickel and iron, and presumably of cobalt and 
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molybdenum, should have an Effective Atomic Number 
(E.A.N.), i,e. the number of electrons in and associated with 
the atom when in combination, identical with that of the 
inert gas at the end of the series in which they occur. For 
Ni, Co, and Fe this number is 36 and for Mo 54. Thus the 
maximum number of additional electrons which an atom of 
one of these elements can accommodate in covalent linion is 
the numerical difference between the E.A.N. and thel atomic 
number of the atom. 

These numbers are respectively: 

. ForNi 36 - 28 = 8 

„ Co 36 - 27 - 9 \ 

„ Fe 36 - 26 -- 10 

Mo 64 - 42 = 12. 

Now, if each CO molecule provides two electrons for co- 
valent union with another atom, then the compounds Ni(C 0 ) 4 , 
Fe(C0)5, Mo(CO)e are at once accounted for. Cobalt 
carbonyl, as shown by molecular weight determinations is 
Co 2 (CO)g, polymerization furnishing extra electrons to the 
cobalt atoms to raise their Effective Atomic Number to that 
of an inert gas. (See Sidgwick, Proc. Roy, Soc., 1934, A, p. 521.) 

In Ni(C0)4 and Mo(CO)6 the CO groups are disposed 
tetrahedrally and octahedrally, respectively, round the metallic 
atom, being linked thereto thus: M-<~C^O. 

The structure of NO is uncertain. It is an odd molecule 
having eleven electrons, one of these being lost to the acid 
radicle when the salts, [NO]+X“ are formed. When, however, 
nitric oxide replaces CO in carbonyls, Sidgwick {loc. cit.) 
suggests that NO provides three electrons towards the E.A.N. 
of the metal atom, only two of these, however, being used in 
the link. The E.A.N. of the metal thus equals that of the 
next inert gas, which, in the examples below, is krypton (36) 

Fe(C0)2(N0)a Co(CO)8NO 

Fe = 26 + 4 4* 6 36. Co = 27 + 6 -f 3 = 36. 

In support of these views, the carbonyls and their nitrosyl 
derivatives, like the inert gases, are diamagnetic. 
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CHAPTER XIII 


GROUP O 

THE NON-VALENT ELEMENTS OF THE HELIUM 
GROUP 


Boiling- 
point at 
atm. press. 



Helium , 

Neon 

Argon 

Krypton 

Xenon 

Radon* 


4 002 
2018 
30-94 
83-7 
131-3 
222 


- 208 - 5 ® 
-245-8® 
-187® 
-151® 
- 1001 ® 
— 02 ® 


cir. -272® 
-248-6° 
-189-6® 
-169® 
-140® 

- 71® 


0-005 
0-525 
0-5808 
cir. 0-0 
0-7001 


The discovery of these elements f originated in an observa- 
tion made by Lord Rayleigh in 1893, that atmospheric nitrogen 
is about 0-5 per cent heavier than nitrogen obtained chemically. 
It was at first suggested that this discrepancy was due either to 
some isolated atoms among the diatomic molecules of chemical 
nitrogen which would make the gas lighter, or to the presence 
in the atmospheric gas of some condensed nitrogen molecules, 
say of N„ which would account for the increased density. 

Experiments were undertaken in conjunction with bir 
William Ramsay, who suggested passing the purified atmo- 
spheric nitrogen over heated magnesium. Ordinary nitrogen 
would thus be absorbed, and any portion of the gas differing 
from the rest might remain. It was found that by this means 
the density of the gas was perceptibly increased owing to the 
removal of nitrogen; and finally a small volume of gas remamed, 
the density of which exceeded 19. Rayleigh reprated the 
experiments of Cavendish, who had passed electric sparks 
through a mixture of oxygen and atmospheric nitrogen con- 
fined over weak potash solution. By this me^s Cavendish 
had actuaUy obtained a small bubble of gas which could nm 
be made to combine with oxygen, and Rayleigh confirmed hw 

. c.ued Niton Arnold. r,,S. 

t Vide The Discovery of the Rare uases, oy m. 
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result. The spectrum of this gas, as well as that of the residue 
from the magnesium absorption, differed from that of nitrogen 
or any known gas. Thus it appeared very probable that a new 
gaseous constituent of the atmosphere had been discovered. 
Further experiments made this conclusion certain, for it was 
shown that the proportion of the new gas in air could be 
increased by diffusion, and by solution in water, in which it 
is more soluble than nitrogen; and also that nitrogen obtained 
from sources other than the atmosphere left no residue When 
submitted to the action of heated magnesium or calcium, or 
to the sparking process. \ 

The new gas was called “ argon on account o^ its 
chemical inertness. This property is shown by the following 
facts. The gas fails to combine with oxygen, the halogens, 
or red-hot carbon, and also with metals such as magnesium. 
Attempts to oxidize it by the most powerful oxidizing agents 
proved fruitless. It enters into the chemical composition of 
no mineral, vegetable, or animal substance, though occurring 
in minute quantities in the occluded state in some rare minerals, 
and in solution in the water of certain springs. 

It is now recognized that resistance to atomic union is a dis- 
tinctive property of argon, and, since chemical union mani- 
fests valency, argon is characterized as non-valent. 

At temperatures of —127° to —133°, and under 40 atmo- 
spheres pressure, however, argon and boron trifluoride appear 
to form a series of compounds AatBFj, where a? = 1, 2, 3, 6, 8 
or 16. They have definite melting-points, and are possibly co- 
ordination complexes of the type A BFg, although in the 
three highest compounds it seems necessary to assume that 
polymerization of BFj molecules occurs as vrell. 

Further, under pressure, argon, krypton and xenon form 
hydrates, which are probably due to van der Waals forces. 

The question of molecular constitution and atomic weight 
next arises. Oxygen and nitrogen are known to consist of 
diatomic and mercury vapour of monatomic molecules, because 
the data concerning their density can be interpreted by atomic- 
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weight determinations through chemical union. This method 
is not available for argon. The density of this gas is 
19*96, and its molecular weight, therefore, 39*9; its atomic 
weight has been determined by means of the following prin- 
ciple: 

It is known that the ratio of specific heat at constant 
pressure to that at constant volume is 1*4 for diatomic, and 
1*66 for monatomic gases. This ratio for argon was found by 
Ramsay to be 1*659. Therefore argon is a monatomic gas, 
and its atomic weight is 39*9. The atoms of this element 
thus remain uncombined with one another in the gaseous 
state. 

An attempt to obtain argon from certain minerals, notably 
from cleveite, resulted in the discovery by Ramsay of another 
gas, which was found to shine with a pale yellow light when 
excited electrically in a vacuum-tube. The spectrum of this 
gas was a brilliant one, and contained a yellow line identical 
in position with line D 3 observed in the spectrum of the sun’s 
chromosphere during the eclipse of 1868. This line had not 
previously been found in the spectrum of any terrestrial sub- 
stance, and the element in the sun giving rise to it had been 
named “ helium ” by Lockyer. 

In March, 1 895, therefore, terrestrial helium was discovered. 
Besides cleveite, the minerals uraninite, broggerite, and pitch- 
blende yield this gas, together, sometimes, with argon; it has 
also been obtained from mineral springs. Natural gas from 
Bow Island, Alberta, Canada, contains 0*33 per cent of helium, 
and from this source the gas can be obtained on a scale 
sufficiently large for use in airships. The proposed plant 
will produce 10,500,000 cubic feet of helium per annum.* 
Helium is present in minute quantities in the atmosphere; 
but this gas, like hydrogen, is not dense enough to be retained 
there permanently, and that lost to space is compensated for 
by what is evolved from minerals. The density of the gas 
is 2 * 001 ; it is monatomic, the ratio of the specific heats being 
•McLennan, Ckm. Soc, Tram. (1920), 117 , 923. 
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1*652; its atomic weight is therefore 4*002. It belongs to the 
same category as argon, being reluctant to combine with other 
elements. The compounds WHe 2 and HgHe or HgHe 2 are 
believed to exist transitorily. Helium is less soluble in water 
than any other gas. Its boiling-point is 4*5° Abs. This gas 
probably owes its terrestrial origin to the radioactive pro- 
cesses to be considered in the next chapter. 

Consideration of the position of argon and 
periodic table led to the conclusion that these 
group of inert gases others of which remained to 
In 1898, therefore, Ramsay and Travers made 
ments with residual atmospheric gas. 

The gas was compressed in a bulb cooled 
immersion in liquid air. By this means most of the gas was 
liquefied, and on removal of the bulb from the liquid air its 
contents were separated into two constituents by rapid ex- 
haustion. These fractions may be called {a) and (6). The (a) 
fraction, removed as gas, was cooled by immersion in liquid 
hydrogen, boiling at about —240°. A portion of it solidified, 
and the remaining gas was found to be helium. The solid 
proved to be a new element of the argon family, to which the 
name “ neon ” was given. This element possesses a density 
of 10*09 and an atomic weight of 20*18, since it is monatomic. 
It is chemically inert, and gives an orange-red light in a 
vacuum-tube and a characteristic spectrum. 

The fraction {b) contained argon, and two new constituents 
which were named respectively krypton and xenon. These 
were separated from one another by fractional distillation, the 
argon distilling first, krypton next, and xenon last, in accord- 
ance with their boiling-points, as given at the head of this 
chapter. Krypton and xenon resemble argon in the absence 
of chemical activity, and show characteristic spectra. 

These inert and rare gases are used, particularly neon, in 
the discharge tubes of illuminated signs, and argon is exten- 
sively used in gas-filled electric lamps. Sealed capillary tubes 
of radon are used in the treatment of cancer. 


heliumlin the 
were two of a 


be discovered, 
further experi- 

to —185° by 
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The relative proportions by volume of the minor con- 
stituents of the atmosphere are as follows: 


Argon 

. . 9.3.30 

Neon 

150 

Helium 

50 

Krypton 

10 

Xenon 

01 


parts per million. 
»» »» 

»» >» 

»» i» 


So minute is the proportion of the last constituent that “ it 
may be said with truth that there is less xenon in the air than 
there is gold in sea- water ” (Ramsay). 

Radon, which is isotopic with thoron and actinon, is the 
emanation of radium. This is a gas, an atom of which is pro- 
duced from a radium atom by the loss of an a-particle, that 
is, an atom of helium. Consequently the atomic weight of 
radon should be 226*0 — 4*0 — 222*0; the value derived from 
density determinations is 222. The gas is monatomic, and 
its physical properties accord with those of the inert gases; 
it is therefore recognized as the last member of the no- valency 
group of elements, and is accorded a corresponding place in 
the periodic system. By its evanescent character, however, 
it is differentiated from the other elements of the group. The 
presence in the atmosphere of the emanations of radium and 
thorium is inferred from the deposition of a radioactive deposit 
on a negatively charged wire exposed to air, and the observed 
rate of decay of this deposit. 

Radon is isolated by dissolving a radium salt in water, and 
collecting the evolved gas, which contains also oxygen and 
hydrogen formed by the decomposition of the water. After 
exploding these gases and removing the water formed, the 
radon is condensed in a spiral cooled in liquid air, helium and 
excess of hydrogen remaining uncondensed. Radon boils at 
-62*^ and freezes at -71^ The gas is self-luminous on 
account of the evolved energy of radioactive change; its 
average life-period is 5-6 days, and by losing an a-particle it 


gives rise to radium A. 

In consequence of this change the spectrum caused 


by 
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electric discharge through radon passes after 3-4: days into that 
of helium. Radon gas, by reason of its radioactive energy, 
slowly decomposes carbon dioxide, carbon monoxide, am- 
monia, hydrogen chloride, and water, causes the oxidation of 
mercury, and turns ordinary white glass violet. 


CHAPTER XIV 

THE PROBLEM OF THE ORIGIN AND DESTli 
OF THE ELEMENTS ^ 

Speculations as to the origin and transmutations of matter 
are as old as human thought. The four elements of the 
ancients, earth, water, air, and fire, together with the quint- 
essence of Aristotle, were conceived of, not as distinct material 
species in the modern sense, but as qualities of things which 
could change with changing circumstances. Thus water, 
representing the principles of moisture and coldness, could be 
changed by being heated into air, representing the principles 
of moisture and heat. The alchemists, who inherited the 
ideas of the ancient philosophers, attempted to apply them 
on a material basis; hence there arose the notion of a trans- 
mutation, not of properties, but of matter, and the quest for 
the philosopher’s stone which should transmute base metals 
into gold. So far as the alchemists theorized concerning the 
nature of this supposed transformation, they believed it to be 
essentially an exceedingly slow natural process. Thus gold 
was supposed to grow by degrees, in mines, from common 
metal. The philosopher’s stone, however, would greatly 
hasten the operations of nature, so as to reward the experi- 
menter with an early crop of the precious metal. The evolu- 
tionary idea which underlies these notions appears not to 
differ in principle from present-day beliefs concerning ma- 
terial transformation; but whilst gold is no longer regarded 
as the crown of elemental evolution, it is already known that 
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human agency can influence the rate of material transformation 
to a limited degree. 

Modern ideas of chemical evolution originated with Prout, 
who in 1815 put forward the suggestion that all the chemical 
elements are condensations of hydrogen. This suggestion was 
based upon the belief, which subsequent research dispelled, 
that the atomic weights determined by chemical analysis, and 
referred to that of hydrogen as unity, are whole numbers. It 
will nevertheless be seen in what follows that recent research 
has revealed in a wonderful way the underlying truth of 
Prout’s hypothesis. 

Notwithstanding the abandonment of this belief, the fact 
remained that interesting relationships between the atomic 
weights and properties of certain elements could be traced. 
Dobereiner showed that various “ triads of allied elements 
exist, the properties and the atomic weight of the central 
member of a triad being the mean of those of the extreme 
members. This fact provided the germ of a system of chemi- 
cal classification of the elements; the beginning of the idea 
that allied species of elements are to be grouped in genera. 
This latter conception was much advanced by the law of 
octaves, and took permanent form in the periodic law. 

The question then arose as to the connection between the 
classification of chemical species and the problem of the origin 
of such species; or, in other words, whether the periodic law 
might be taken as evidence of material evolution. Thus the 
underlying and ultimate question of all chemical science again 
recurred with increased emphasis; and, although the manner 
in which the periodic law might be supposed to afford evidence 
of chemical evolution was not at all clear, U was neverthel^ 
generally accepted as an article of scientific faith, that the 
ultimate explanation of this great generalization would be 
found in a theory of the genesis of the elements from a common 
origin. It must however be stated that to the chief exponent 
of the periodic law, Mendel^eff, this deduction seemed un- 
warranted. 
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In 1887 Crookes gave an account of his researches upon 
the elements of the rare earths, in which he showed that 
there exist together in nature a number of bodies which are 
closely related, and which can only be separated so as to give 
evidence of distinct chemical identity, by very special and 
exhaustive means. And, just as the existence of different 
varieties of the same biological species suggests forcibk their 
derivation from a common stock, so the closeness of relation- 
ship in properties of the metals of the rare earths increases 
the probability that they are in some manner modifidations 
of a common, original element. To the ultimate element 
from which by hypothesis all the different kinds of matter are 
derived, Crookes gave the name “ protyle 

Evidence of Spectra of Stars and Nebula 

Evidence of inorganic evolution has, however, been sought 
in a wider field. When the spectroscope was brought into use 
by Bunsen and Kirchhoff, in 1859, and the significance of the 
dark lines in the solar spectrum, the so-called Fraunhofer 
lines, was recognized, the science of cosmic chemistry began. 
The first work of the new science was the study of the chemistry 
of the sun; and it was shown that many terrestrial elements 
are present in our luminary, but that the sun also contains 
one or two elements which had not then been discovered 
upon the earth. With the perfecting of experimental methods, 
investigations spread to the distant stars and nebulae; until 
by the accumulation of data, a classification of stars according 
to their spectra was made possible. 

It was thus supposed, at one time, that the evolution of the 
elements, i.e. their upbuilding from primordial constituents 
through a process of cooling, could be inferred by comparing 
together stellar spectra and temperatures. Such a supposition, 
however, appears to have been premature, for it is not found 
in modem astrophysics. It is now believed that an evolving 
star goes first through a process of gravitational contraction 
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with rise of temperature and corresponding change of spec- 
trum, and then, after reaching a maximum, undergoes a 
process of cooling on account of radiation, with a reversed 
change of spectrum; but it is not supposed that changing 
spectra indicate the actual disruption or synthesis of atoms. 

Radioactivity 

The evidence afforded by another field of research concern- 
ing the breaking down of the elements into simple constituents 
must now be considered. Following the discovery of Rontgen 
rays, other substances than glass, which fluoresce without elec- 
trical excitement, were examined, in order to discover if they 
emitted rays. Research upon this subject has brought to light 
facts of extraordinary interest and significance, which con- 
stitute the science of radioactivity. 

First, it was found by Troost, Becquerel, and Arnold that 
certain phosphorescent bodies, such as calcium sulphide and 
hexagonal zinc-blende, emit rays which will act on a photogra- 
phic plate after passing through aluminium foil 2 mm. thick. 
The salts of uranium, too, are well known to be fluorescent. 
Becquerel discovered that this fluorescence is connected with 
the emission of invisible “ rays ” which darken a photographic 
plate through aluminium foil. 

There is, however, a fundamental difference between the 
phosphorescence of calcium sulphide and that of uranium 
compounds. For whilst the activity of calcium sulphide 
depends on the previous absorption of light, and therefore 
diminishes when the compound is kept for some time in the 
dark, that of uranium preparations is independent of the in- 
fluence of light, and is not lost even when the material is kept 
in the dark for a month. This property of “ radioactivity ” 
is possessed by various uranium minerals, such as pitchblende, 
broggerite, and clev6ite, to a greater degree than by uranium 
salts. 

Pitchblende is a complicated mineral containing, besides 
uranium, barium, bismuth, and thorium, as well as other 
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components; and the question arose whether the activity of 
uranium could be concentrated by the fractionation of its salts, 
or whether this property resided chiefly in some other com- 
ponent of the mineral, since the latter is more radioactive than 
the uranium salt prepared from it. 

The concentration of radioactivity of uranium salt was 
achieved by Becquerel and Crookes. Becquerel fouhd that 
on mixing barium chloride with a uranium solution and then 
precipitating the barium with sulphuric acid, and rweating 
this operation a number of times, the radioactivity was com- 
pletely transferred to the barium sulphate, but that the 
residual inactive uranium regained its activity after eighteen 
months. This phenomenon suggested the idea that the 
acquirement of the property of radioactivity is connected in 
some way with a spontaneous change which uranium under- 
goes. Crookes separated from uranium salts by fractional 
crystallization a specially active constituent which he called 
“ uranium X 

Even more striking results than the above were obtained 
by the investigation of the other constituents of pitchblende. 
Thus, in 1898, M. and Mme Curie fractionally crystallized 
barium halides obtained from pitchblende, and separated 
therefrom the less soluble halides of radium, a new element 
of the alkaline-earth family, whose radioactivity far exceeds 
that of uranium. 

Similarly, the same observers isolated from the bismuth of 
the pitchblende another radioactive substance which they 
named polonium and which is identical with Marckwald’s 
radiotellurium. 

Shortly afterwards Schmidt and Mme Curie proved that 
thorium and its compounds are radioactive; and in the follow- 
ing year (1899) Debierne obtained another radioactive sub- 
stance from the thorium of pitchblende, which he named 
actinium. 

Most of the facts of radioactivity may be grouped round 
one or other of the three elements — radium, thorium, and 
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actinium — ^and of these three the most interesting and imoor- 
tant is radium. 

The chemistry of radium and its compounds plainly 
corresponds with the position this element occupies as the 
highest member of the alkaline-earth group. The metal itself, 
which has been obtained by Mme Curie and Debierne,* is 
analogous in properties to barium, and its salts colour the non- 
luminous gas flame crimson. As would be expected, the 
chloride, bromide, and sulphate are less soluble than the cor- 
responding barium salts (cf. p. 188). The atomic weight 
of the element, determined by precipitating its chloride with 
silver nitrate, is 225*9 . 

The characteristic phenomena of radium, and of other 
radioactive substances, are connected with the emission of 
three kinds of radiation: the a-, and y-rays, and with the 
evolution of radioactive gases. 

Many chemical changes may be brought about by the action 
of the rays. Radium salts decompose water in which they are 
dissolved, and likewise bring about combination between 
hydrogen and oxygen; they also cause diamonds and other 
precious stones to phosphoresce and slowly change their 
colour. Glass tubes containing radium preparations become 
discoloured; this is probably due to the presence of colloidal 
metals produced from metallic ions liberated within the 
glass. Radium preparations confined within glass also effect 
chemical changes externally, such as the conversion of yellow 
into red phosphorus, the reduction of mercuric chloride by 
oxalic acid, the liberation of iodine from iodoform and from 
iodic acid, and the coagulation of globulin. These changes 
are brought about by the ^3- and y-rays, which possess the 
power of penetrating glass readily. 

The following conclusions regarding the nature ot the 
radium radiations may now be stated provisionally. 

The a- and jS-radiations consist of minute particles 
by the radioactive material with immense velocity. They 
» GompU rend. (1910), 151 , 523 * 
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are distinguished from each other by (i) their photographic 
activity, (ii) their power of penetrating layers of air or metal, 
(iii) their deviability in a strong magnetic field. 

The a-rays are particles carrying double charges of positive 
electricity; each particle possesses four times the mass of a 
hydrogen atom. The velocity of the a-particles is upwards 
of 10,000 miles a second, and the phosphorescence of j hexa- 
gonal zinc-blende in Crookes* spinthariscope is due ta their 
bombardment. These particles have little photographic 
activity, or power of penetrating air or aluminium foil;\ but, 
owing to the electric charge they carry, a gold-leaf electro^ope 
is rapidly discharged in their presence. \ 

The jS-rays are also particles. The mass of each is equal to 
about ^ hydrogen atom; their velocity varies, 

but may approach that of light (185,000 miles or 3 X 10^® cm. 
per second). These particles possess great photographic 
activity, and are about 100 times as penetrating as the 
a-rays, so that they will pass through thin aluminium foil, 
though not through lead 1 cm. thick. In a magnetic field 
they are deviated a thousand times as much as the a-rays, and 
in the opposite direction. These properties recall those of 
the cathode rays, and it is recognized that the /J-par- 
ticles are of the nature of high-velocity cathode rays, or 
electrons. 

The y-rays possess about a hundred times the penetrating 
power of the jS-rays; they will even penetrate a lead shell 1 in. 
thick. They do not carry an electric charge, and are not 
deflected in a magnetic field, but, like Rontgen rays, they 
ionize gases, and so affect an electroscope, and also cause 
barium platinocyanide to phosphoresce. These rays are not 
particles, but ethereal vibrations; and they consist of Ront- 
gen rays of very short wave-length and high penetrating power, 
produced generally but not invariably by the agency of )8-rays, 
just as ordinary Rontgen rays result from the impact of cathode 
rays on glass. 

In addition to these different kinds of “ rays **, radium. 
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thorium, and actinium also “ emanate ** radioactive gases of 
transient activity, which, on account of their physical pro- 
perties, appear to consist of definitely material particles. 

The radium emanation may be described. It is best 
isolated by dissolving a radium salt in water in an evacuated 
flask. The evolved gases consist, besides the emanation, of 
water vapour, and of hydrogen and oxygen, produced by the 
action of the radium on water. After these gases have been 
eliminated, the emanation can be condensed by liquid air at 
about —155°, and its vaporization with rise of temperature 
may be observed by the fluorescence of a neighbouring zinc 
sulphide screen. The passage of the emanation through a 
glass tube is made visible in the dark by the fluorescence of the 
glass. Diffusion experiments with the emanation prove it to 
have a density a little more than 100; it is a monatomic gas, 
and the last member of the helium group, having an atomic 
weight of 222. The emanation possesses a characteristic 
spectrum; it has been recognized definitely as an element, 
and accordingly has been named radon. The thorium and 
actinium emanations have similar properties, and are also 
members of the helium family of gases. 

When the emanation has been extracted from a radium salt 
dissolved in water, and the salt is then recovered from solution 
by evaporation, its radioactivity is found to be feeble compared 
with that of the emanation. In course of time, however, the 
salt gains whilst the emanation loses its radioactivity, so that at 
the end of a month the salt has completely recovered this 
property, and the emanation has become practically inactive. 
Moreover, a quantitative study of the phenomena shows that 
the rates of decay and recovery are equal, so that the sum of the 
two activities is constant. This is illustrated in the accompany- 
ing figure relating to thorium and its emanation, in which 
radio-activities are plotted against time, so that the reciprocal 
character of the two curves is made apparent. 

The explanation of these phenomena is that the solid radium 
salt retains within itself the emanation to which the radio- 
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active effect is chiefly due, so that when the emanation is 
released from the salt by the process of solution, and from 



Time in Days. 


the solution by evaporation or evacuation, time must elapse 
for the accumulation of more of it in the solid recovered from 
solution before the original radioactivity is again reached. 
Emanation can thus be removed periodically from the radium 
salt, because it is being continuously generated there. As 
appears on p. 624, however, there are short-lived radioactive 
products formed from the emanation which complicate the 
phenomena, but these do not invalidate the general truth of 
the above statement. 

Radioactive gases have been extracted from deep wells by 
J. J. Thomson, and from the ^soil by Elster and Geitel. 
Radioactivity may apparently be manifested by many common 
<tub8tances, such as lead, wood, and brick, being induced upon 
this inert matter by contact and by other means. The 
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cmsjiations of radium and thorium, for instance, can induce 
radioactivity on paper by contact; and Elster and Geitel found 
that a platinum wire to which had been given a powerful 
charge of negative electricity, collected radioactive material 
from the atmosphere, which, as a solid, could be dissolved 
from the wire by dilute acid, and deposited on a dish by 
evaporation of the acid. 

So far it has been seen that the substance of radium con- 
tinuously emits (i) a- and ^-particles, together with y-rays, 
(ii) a radioactive emanation. 

It is necessary now to co-ordinate these facts, and to find 
some explanation of them. 

One explanation alone avails. These phenomena constitute 
a process of atomic disintegration taking place in successive 
stages, which appear to be beyond human control, but have 
nevertheless been made known with a fair degree of com- 
pleteness by the painstaking researches of workers in this 
field. External temperature conditions have no influence on 
these incessant changes, for they take place with the same 
rapidity between —180® and 1600®. Moreover, they are ac- 
companied by the evolution of heat energy, which was within 
the atom; so that a mass of radium salt continuously maintains 
itself at a temperature several degrees above that of surround- 
ing objects. 

Exact experiments have shown that 1 gm. of pure radium 
evolves 133 gramme-calories of heat per hour, or 1,160,000 
gramme-calories per annum. Since, as will be seen later, the 
average life period of radium is 2500 years, 1 gm. of this sub- 
stance in complete disintegration evolves an amount of heat 
equal to 2,900,000,000 calories. Compared with all previously 
known exothermic changes this amount is indeed prodigious. 
When, for example, 1 gm. of carbon dioxide is produced by 
the combustion of = 0*273 gm. of carbon as coal, about 
2200 gramme-calories are evolved. Thus the energy of radium 
is more than a million times the energy of combustion of coal. 
This fact provides a glimpse at the stores of energy within the 

(D170) 



520 


INORGANIC CHEMISTRY 


atoms of matter. At present these stores are not within the 
reach of man; but if future discovery should bring them within 
reach, the influence that such discovery would have on human 
life is beyond imagination. 

Further particulars may now be given concerning the 
successive stages of disintegration of radium and similar 
elements. / 

It will be convenient to start with the radium and thorium 
emanations. It has already been observed that a solid dis- 
integration product of some radioactive substance canl be 
collected from the air by a negatively charged platinum mre. 
Rutherford found that a similar wire exposed to the thorium 
emanation became radioactive, and that this excited activity 
could be scraped off the wire or removed from it by hydro- 
chloric acid. It appears, therefore, that the gaseous emana- 
tions of radium and thorium give rise to a solid disintegra- 
tion product, for only a solid could be treated in such a 
manner. 

Rutherford and Soddy believed that helium was also: a 
disintegration product of the radium emanation, and identical 
with the a-particle; and Ramsay and Soddy showed that 
when the purified radium emanation is confined in a vacuum 
tube, its spectrum gives place after three or four days to that 
of helium. Thus for the first time was witnessed an authentic 
case of material transmutation; and an explanation was 
furnished also of the fact that terrestrial helium occurs 
only in radioactive minerals, whence it is evolved into the 
air. 

The decay of the radium emanation thus consists in the loss 
of an a-particle which becomes an atom of helium; and the 
residue, which is solid, constitutes radium A. It has been 
shown that further changes quickly take place through radium 
B, radium C, radium D, and radium E to radium F, which is 
identical with polonium or Marckwald’s radiotellurium. By 
one more radioactive change a permanent, inactive product, 
radium G, is reached, which has an atomic weight of 206*5, 
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and is chemically identical with ordinary lead. Thus the 
history of radium ends in lead; but where does it begin? Is 
radium itself derived from some other element, known or 
unknown? 

This question may be answered in part by reference to the 
known facts regarding the rate of disintegration of radium. 
The amount of emanation produced per unit time depends 
upon the amount of radium present at the time; and since 
this amount is constantly diminishing, the amount of emana- 
tion produced diminishes accordingly. It has been calculated 
from actual measurements of the emanation that in 1760 years 
a given quantity of radium will have reduced itself to one- 
half; therefore the half-life period of radium is said to be 
1760 years. 

An alternative and more usual expression to the half-life 
period is the period of average life. If X is the fraction of 
an amount of a radioactive element which disintegrates in 

unit time, ^ is the average life period. Thus 
A 

radium disintegrates in a year, therefore the average life period 
of radium is 2500 years. 

Now if all the radium in the earth’s crust at the present 
time were only the remains of an original store of radium, in 
long past ages this store must have been very great. Con- 
sidering the known rate of decay, it is estimated that at this 
rate the amount of radium 26,000 years ago would have been 
a million times, 52,000 years ago a billion times, 78,000 years 
ago a trillion times what it is now; and so, many thousands, 
but not millions of years ago, the earth must all have been 
radium. This is impossible, and therefore it cannot be be- 
lieved that the radium now existing is the remains of a store 
that existed at the beginning. Consequently (if the possible 
alternative of the synthesis of radium from elements of lower 
atomic weight is dismissed) it follows that radium is the dis- 
integration product of another element, which necessarily has 
a higher atomic weight than itself 
(d170) 
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Now since radium is found in uranium minerals, and the 
atomic weight of uranium is higher than that of radium, it 
seemed natural to suppose that uranium is the parent of 
radium. As will appear later, however, uranium is actually 
the ancestor rather than the parent of the latter element 
there being a series of successive disintegrations between the 
two. I 

The facts of successive disintegrations of radioactivje ele- 
ments may first be illustrated by the analogy of rescWoirs 
which we owe to Soddy * Let there be, say, four reservoirs, 

A, C, B, D, connected in series by pipes of different ifizes, 
leading from the base of each. Then if water flows from 
A to D through B and C it will reach D at a slower rate than 
if it flowed direct from A to D. For, suppose reservoirs 

B, C, and D originally empty; then directly B receives water 
from A it will begin to deliver it to C at a rate which, at first 
very small, will increase up to a maximum. This maximum 
will be reached when the rate of outflow is equal to that of 
inflow. The rate of outflow cannot exceed that of inflow or 
there would be no reservoir. 

Again, when at an early stage the rate of delivery into C is 
very small, the rate at which D receives water from C will be 
infinitesimal; and consequently time must elapse before the 
presence of water in D is perceived at all. Eventually, how- 
ever, a condition of equilibrium throughout the whole system 
will be reached, which depends ultimately on the relative sizes 
of the pipes; for whilst the rate of flow from each reservoir 
varies also as the head of water which has accumulated in it, 
the reservoirs being conveniently supposed of the same sec- 
tional area, this accumulation in turn depends upon the pipes 
delivering water into and from the reservoir. The analogy 
is thus interpreted. The sizes of the pipes represent the 
fractions (X) of radioactive elements which disintegrate in 
unit time, and these are the reciprocals of the periods of 
average life. Equilibrium of water in the reservoirs represents 

* The Interpretation of Radittm^ 1920 edition, p. I 9 S* 
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radioactive equilibrium, and the relative amounts of water 
present in the state of equilibrium stand for the relative 
quantities of successive products in radioactive equilibrium 
which are directly proportional to their periods of average 
life. 

Experiments upon the growth of radium from uranium 
purified from this element were initiated by Soddy and his 
co-workers in 1904. The formation of radium was detected, 
but the amount was only about would have 

appeared if the transition from uranium X, the short-lived 
successor of uranium, had been direct. This fact suggested 
the existence of one or more long-lived intermediate bodies; 
and accordingly such a body was discovered by Boltwood in 
1907, and called ionium. Now it follows from the existence 
of ionium that this body was probably present in the radium- 
free uranium previously employed. To test the growth of 
radium actually from uranium it was necessary, therefore, to 
remove from the uranium not only the radium, but also the 
ionium from which radium was directly derived, and this being 
done the growth of radium in the entirely purified uranium 
would necessarily be even slower than in the previous case; 
just as in the illustration the arrival in reservoir D of water 
flowing from A would be slower if reservoirs B and C were 
empty than if they contained water at the beginning. Ihe 
growth of radium in uranium purified both from this element 
and from ionium, was, however, observed by Soddy and Miss 
Hitchins in 1916, and further confirmed by Soddy in 1919.* 
Moreover, from the results obtained the average life-period 
of ionium has been found to be 100,000 years. 

There are now recognized four disintegration products 
between uranium and radium; and the relative quantities of 
the successive disintegration products in radioactive equili- 
brium derivable from a ton of uranium, and their respective 
periods of average life to which these are directly propor- 
tional, are shown in the following table: 

• PhU,Mat,U 9 i 9 )* W. 483. 
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Period of Average Life. 

Quantity. 

Uranium I, 8,000,000,000 years . . 
Uranium Xi, 85*5 days . . 
Uranium Xj, 1*6 min. 

Uranium II, 8,000,000 years (?). . 
Ionium, 100,000 years . . 
Radium, 2500 years 

Emanation, 5*6 days 

Radium A, 4*8 min j 

Radium B, 88*5 min 

Radium C, 28*1 min 

Radium D, 24 years (?) . . 
Radium, E, 7*5 days 

Radium F (Polonium), 202 days 

1,000,000,000 mgm. (=1 ton) 

1 /80 mgm. 

1/250,000 mgm. 

400 gm. (?) 

12*5 gm. 

812*5 mgm. 

1/500 mgm. t 

1/1,000,000 mgm. I 

9/1,000,000 mgm. \ 

7/1,000,000 mgm. \ 

8 mgm. (?) \ 

1/400 mgm. \ 

1/14 mgm. 




Series of radioactive changes similar to the above have been 
observed with thorium and actinium. The results may be 
briefly stated as follows, the radiations lost being placed after 
each product: 

Thorium series, — ^Thorium (a-rays) ->• mesothorium I (j^-rays) 
-> mesothorium 11 (jS-rays) radiothorium (a-rays) thorium X 
(a-rays) -> Th-cmanation (a-rays) -> thorium A (a-rays) thorium B 
(P-rays) -> thorium C -> end product (lead). 

Actinium series, — Actinium (j5-rays?) radioactinium (a-rays) 
actinium X (o-rays) Ac-emanation (a-rays) -> actinium A 
fa-rays) actinium B (j^-rays) actinium C (a-rays) ac- 
tinium D (]8-rays) -> end product (lead). 

As they stand, these schemes are not quite complete, for 
in each case branch series are known to exist; though, except 
in the case of the uranium series, they are relatively unim- 
portant. 

Radium branch series. — ^At radium C, whilst 99*97 per cent of 
the atoms follow the series indicated, 0*03 per cent follow the 
branch series: Radium C (a-rays) -> radium Ci ()5-rays) -> end 
product (lead). 

Thorium branch series. — ^At thorium C 65 per cent of the atoms 
follow the series: Thorium C (jS-rays) — >• thorium C' (?) end 
product (lead); whilst 85 per cent follow the branch series: 
Thorium C (a-rays) thorium D (jS-rays) end product (lead). 
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Uranium branch series. (Actinium series). — ^TThe actinium series is 
an off-shoot of the uranium series prior to radium. Thus at 
uranium I or uranium II — probably the latter — 8 per cent of the 
atoms follow the branch series: Uranium Y (j5-rays) — > eka-tantalum 
(proto-actinium) (o-rays) actinium 

The above disintegration series exhibit about 35 transitional 
forms of matter, a few of which it is customary to place in 
the list of elements, whilst the majority do not appear there. 
For example, in the uranium series, uranium itself, radium, 
radium emanation (radon), and lead are in the list of the ele- 
ments; the other members of the series are not. It may be 
emphasized, moreover, at this stage, that it is evidently quite 
impossible to find a separate place in the periodic table for 
each of these transitory forms of matter. What then is to be 
done with them; or, alternatively, what is to happen to the 
periodic system? 

Now, by the work of Soddy and Fleck, what appears to be 
an insoluble dilemma has led to a generalization of the greatest 
importance; and this has prepared the way for new views of 
the nature of the atoms of matter, which have created a revo- 
lution in scientific thought. 

To appreciate the generalization which will shortly be stated, 
the effect upon an atom, as regards the periodic group to which* 
it belongs, of expulsion from it of an a- or a jS-particle 
must be considered. Firstly, it is to be observed that when 
an a-particle is lost by an atom the atomic weight of the 
latter is diminished by four units, whilst the loss of a 
particle has no appreciable effect upon the atomic weight. 

Thus the relation between radium and its emanation, radon, 
may be considered. Radium is in periodic Group II, radon 
in Group O. So by losing an a-particle which carries two 
+ charges an atom has passed backwards by two stages into 
the periodic group next but one preceding. The loss of a 
8-particle is the loss of one — charge, and by the same prin- 
ciple this loss should carry the atom forward by one stage into 
the next periodic group. 

(d170) 
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The effect of the loss of a- and j8-particles in the same 
series may be tested by tracing the transition from uranium to 
radium thus: 

Uranium (Group VI) loses one a-particle 

-> Uranium Xj (Group IV) 

Uranium X| (Group IV) loses one jS-particle 

Uranium Xa (Group V) 

Uranium Xa (Group V) loses one jS-particle 

-> Uranium II (Group VI) 

Uranium II (Group VI) loses one o-particle 

-> Ionium (Group IV) 

Ionium (Group IV) loses one a-particle 

Radium (Group II) \ 

So Group II is reached with radium, which is correct. The 
series may, however, be completed: 

Radium (Group II) loses one a-partide 

Radon (Group O) 

Radon (Group O) loses one a-particle 

Radium A (Group VI) 

Radium A (Group VI) loses one a-particle 

-> Radium B (Group I\0 
Radium B (Group IV) loses one ^-particle 

Radium C (Group V) 

Radium C (Group V) loses one jS-particle 

Radium C' (Group M) 

Radium C' (Group VI) loses one a-particle 

Radium D (Group ]\') 

Radium D (Group IV) loses one j3-particle 

-> Radium E (Group V) 

Radium E (Group V) loses one jS-particle 

Radium F (Polonium) (Group VI) 
Radium F (Group VI) loses one a-particle 

Radium G (lead) (Group IV). 

Again, since radium G, which is lead, appears in Group 
IV, after this long series has been traversed this fact fully 
justifies the generalization which may now be stated, and is 
known as: 
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Soddy^s Law 

(1) When the atoms of an element expel each an a-particle, 
to^^nt moves its place in the periodic table two groups 

(ii) When the atoms of an element expel each a /S-particle, 
the element moves its place in the periodic table one group 
forward. 


Isotopes.— Now an extraordinary situation arises. The 
loss of two ^-particles electrically neutralizes the loss of one 
a-particle, and brings an atom back into the same group 
again. This is seen to be the case above; thus: 

In Group IV are: 

Uranium X, (284), Ionium (280), Radium B (214). 

Radium D (210), and Radium G (Lead, 206). 

It was stated above that a separate place cannot be found in 
the periodic table for each transitory element; and evidently 
Group IV cannot provide separate accomodation for each of 
these new-comers. 

Chemically speaking, however, radium B and radium D can- 
not be distinguished from radium G (lead), and, moreover, 
uranium Xi and ionium are chemically identical with thorium. 

Thus it appears that the following radioelements are to 
occupy the same spaces in the periodic table with lead and 
thorium respectively; and these two latter elements, more- 
over, occupy the only fourth group positions with which this 
study is concerned. 


Lead . . . , 2071 

Radium B . . 214 
Radium D . • 210 
Radium G . . 206 


Thorium . . . . 2324 

Uranium Xi . . 234 

Ionium . . . . 230 


So much as this appears from the study of a single disin- 
tegration series. And thus it seems that elements of decidedly 
different atomic weights are to share a single space in the 
periodic table because they possess identical chemical pro- 
perties. Such groups of elements are called by Soddy isotopes* 

* l.c. occupying equal positiona. 
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The follovring is a list of isotopes. 

Thallium: — ^Thorium D, Actinium D, Radium C*. 

Lead: — Radium B, Radium D, Radium G, Thorium B, Thor- 
ium D, Actinium B, Actinium D. 

Bismuth: — ^Radium C, Thorium C, Actinium C, Radium E. 

Polonium: — Radium A, Thorium A, Actinium A, Thorium C', 
Actinium C', Radium C'. 

Radon: — ^Thorium Emanation, Actinium Emanation. 

Radium: — Mesothorium I, Thorium X, Actinium X. 

Actinium: — Mesothorium 2. 

Thorium: — Uranium X, Ionium, Radiothorium, Radio 
Uranium Y. 

Uranium X 2 (Brevium): — Uranium Z (Eka-tantalum). \ 

Uranium: — Uranium 2. \ 

Convincing proof of the existence of isotopes lay to hand. 
Radium G, with atomic weight 206, is said to be lead, i.e. 
it is isotopic with lead, and is chemically indistinguishable 
from this metal; yet it cannot be in every way identical with 
ordinary lead, because this has the atomic weight 207T. Now 
the thorium disintegration series also ends with a lead iso- 
tope, the atomic weight of which, according to the number 
of a-particles ejected, starting from thorium, should be 
232 -(4 X 6) = 208. 

To discover whether there exist different kinds of lead 
which, according to their radio-active origin, possess different 
atomic weights, evidence has been eagerly sought by actual 
determinations of the atomic weight of the lead present in 
radio-active minerals. The result is of extraordinary interest, 
for lead from thorium-free uranium minerals has been found 
to have an atomic weight as low as 206*05, and lead from 
thorium minerals almost free from uranium to have an atomic 
weight as high as 207*9. 

That the atomic weight of an element can vary according 
to its source is a disturbing discovery; yet the question arises 
as to why such a discovery has not been made before during 
the years of accurate atomic weight determinations; for no 
care has been taken to indicate the source of the elements 
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experimented upon, as the habitat of a zoological specimen 
might be indicated. The explanation is that the sources of 
material for atomic weight determinations have been common 
and obvious sources, and that apart from contemporary radio- 
active changes the atomic weight of an element does not vary. 
This, however, is not to say that the material experimented 
upon has been homogeneous, but rather that it may have con- 
sisted of an unrecognizable but constant mixture of atoms of 
somewhat different atomic weights, i.e. of isotopes. In the 
case of lead, for example, it is easy now to suppose that the 
atomic weight 207*1 results from admixture in the required 
proportions of isotopes having atomic weights of 206 and 
208. 

A further question occurs to the mind: since certain iso- 
topes of lead are of radioactive origin, is all lead of such 
origin? It is not possible to answer this question positively, 
but it may be pointed out that radioactive origin is origin by 
disintegration; and allowance must be made also for a con- 
structive evolution of the elements. Nothing is known of the 
manner of such evolution; yet it is believed that in interstellar 
space, with absolute zero of temperature, radiation is being 
changed to matter. On a priori grounds there seems as much 
reason to suppose that lead may be a permanent product of 
atomic integration as of atomic disintegration. This, however, 
may be said of any process of atomic integration: that great 
energy must contribute to it; for the internal stores of atomic 
energy are enormous. 

Separation of Isotopes.— So far as the work of the chemist 
is concerned the separation of isotopes presents a very difficult 
problem, because usually no chemical differences are available 
by which a chemical separation could be achieved. Methods 
of diffusion, depending on minute differences of density of 
contiguous atoms or molecules, or other related methods seem 
to be possible. The very laborious methods of diffusion and 
fractional distillation have yielded fractions with minute 
density differences, e.g. in the case of chlorine and mercury 
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respectively. In the case of hydrogen, however, it has already 
been noted that the wide disparity between the masses of the 
isotopes enables a chemical separation to be made. It has 
been seen also that isotopy is not confined to radioactive 
elements, but appears generally in the Periodic Classification. 

Protoactinium, Pa (eka-tantalum). — ^Among radioactive 
elements only those which retain their identity for a sufficient 
time will be capable of separation chemically. Protoactinium 
is one such, having a half-life period of 20,000 years, of whose 
chemistry a little is now known. It is the precursor of actmium 
in radioactive disintegrations, and was discovered indepen- 
dently by Hahn and Meitner (1917) and Soddy and Craiipton 
(1918). 

According to Graue (1934), protoactinium occurs in the 
residues remaining when radium is extracted from pitch- 
blende, Fusion of these residues with alkali, and subsequent 
treatment with acid removes first acidic oxides, and then the 
more basic oxides, leaving a residue richer in protoactinium, 
This may be dissolved in acid and the protoactinium present 
co-precipitated with ZrP 207 . Further purification isolates the 
sparingly soluble K 2 PaF 7 , from which the insoluble hydroxide, 
and, on ignition of this, the oxide may be obtained. 

The lustrous metal is stable to air and may be obtained by 
thermal decomposition of the chloride on a hot tungsten 
wire. Its atomic weight is 230-6. As befits the position of 
protoactinium in Group V A, the oxide PagOg is more basic 
than its predecessors in this sub-group. 

At 650°, .the oxide reacts with carbonyl chloride to give 
the crystalline pentachloride, PaClg, melting at 301°. 

Nuclear Transformations. — ^Two things are character- 
istic of an element; its atoms possess a definite nuclear charge 
N, the atomic number, and each atom possesses N electrons 
external to the nucleus which just neutralize this charge. 
Radioactive disintegrations and the occurrence of isotopes led 
to the assumption that the nucleus was composite, containing 
K + N protons and K electrons, the surplus charge being N. 
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Now since the mass of an electron is negligible, the mass 
of an atom is that of its protons, i.e. it is represented by K + N; 
and since K is independent of N, the mass of an atom is inde- 
pendent of its atomic number, and there appears to be no 
limit to the number of isotopes, i.e. atoms with the same 
atomic number, which are possible. Experience shows that 
the atomic weight of an element is generally rather more than 
twice its atomic number, that is that the value of K somewhat 
exceeds that of N; but the ratio of K to N is not constant, 
and increases somewhat with the value of their sum. 

For example: 



Atomic Weight of 


N 

Element. 

principal Isotope 

K 


(K + N). 



c 

12 

6 

6 

Cl 

; 36 

18 

17 

<As . * • • * • 

* 76 

42 

33 1 


1 127 

74 

63 

Hg . . « • • • 

1 202 

1 

120 

i_ 

80 


That such a structure will require modification will be 
evident from what follows. 

The spontaneous fracture of an atomic nucleus is the 
cause of radioactive change or elemental transformation. 
Such an event has not been brought about by any kind of 
chemical operation but might conceivably result should the 
nucleus suffer a direct hit from a particle possessing sufficient 
energy. 

This was accomplished by Sir E. Rutherford in 1919 when 
he bombarded nitrogen by fast-moving a-particles from 
radioactive sources. Charged particles having a longer range 
of travel than the bombarding a-particles were detected by 
the scintillations they produced on a zinc sulphide screen. 
They were shown to be protons. The process was photo- 
graphed by Blackett using the Wilson cloud chamber, and, 
for the few collisions occurring, the track of the a-particle 
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was observed to give place to the track of the lighter proton. 
It seems that transformation, rather than disintegration 
occurs, for the a-particle is retained by the nitrogen nucleus 
which thereupon ejects a proton. 

If the symbol for the element be written in association 
with its nuclear charge and mass-number, as for example, 
for nitrogen, 7 N^^, the above transformation may be wrijtten: 

+ jHe« bO” + 

Besides a proton, an isotope of oxygen of mass 17 has\been 
produced. 

Hydrogen nuclei are liberated when other light atoms, \e.g. 
Fy B, Na, Mg, are bombarded by a-particles. 

The Neutron, — No protons are liberated when beryl- 
lium is bombarded by a-particles, but instead a radiation 
which can remove protons from paraffin wax (M. and Mme 
Curie-Joliot). Viewed in the Wilson cloud chamber, the 
track of the liberated proton is clear, but there is no track 
connecting the beryllium and the wax. This powerful radiation 
from beryllium consists of neutrons (Chadwick), having a mass 
(1'0085) approximately that of the proton itself, but having 
no charge, and therefore unable to render their paths visible. 
This nuclear process is formulated: 

4Be» + aHe* *0^* 4- 

Neutrons are also produced from lithium, silicon, and phos- 
phorus by a-particle bombardment. 

As bombarding particles, neutrons may also liberate 
a-particles, as with neon: 

ioNe*« + gO” + gHe*. 

Other projectiles are protons and deuterons, which may eject 
neutrons or a-particles from atoms with which they collide: 
deuterons may also give protons. 

By subjecting protons obtained from an electrical discharge 
tube to a field of the order of 120,000 volts or more, intense 
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beams of accelerated protons are obtained (Cockcroft and 
Walton). This work is important, for transformation may now 
be produced entirely by artificial means. 

Induced Radioactivity. — Many of the nuclei produced 
are unstable, and are radioactive, p>osses8ing varying half-life 
periods. The bombardment of lithium by deuterons is shown 
thus: 

sLi’ 4- iH® -> aLi® + iHS 

which is followed by 

Li* -> j 3 -particle -f Be* 2 He*. 

The Positron. — It appears that the earth is continually 
subjected to a powerful and penetrating radiation, the cosmic 
rays, the source and nature of which are unknown. When 
examined in a Wilson cloud chamber, under a strong magnetic 
field, these rays occasionally produce two tracks of opposite 
curvature due to oppositely charged particles of similar mass. 
One track is due to the negative electron, the other to its 
positive counterpart, the positron. Positrons accompanied 
by electrons, are also produced when some light atoms are 
subjected to y-rays: they also appear during some induced 
radioactive transformations. 

The production of positive and negative electrons by 
y-rays is of profound significance for it is considered that 
here is the materialization of energy. 

Nuclear transformations, spontaneous and induced, have 
thus presented us with four entities, the proton, the neutron, 
the positron and the electron. It is surmised that one of 
the heavier particles is composite, thus: 

Neutron -- one proton -f- one electron. 

Proton — one neutron H- one positron. 

In addition we have: 

Deuteron = one neutron -f one proton. 

These are significant in connection with nuclear structure, 
for it is not necessary to postulate the existence of free eleo 
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trons therein. Nuclei may be built of protons and neutrons, 
the former giving the charge, and the combined masses giving 
the atomic mass. They may possibly group together as 
deuterons and helium nuclei, the latter possibly composed of 
two protons and two neutrons, thus acquiring their mass of 
four and a charge of two units. 

Summary and Conclusion 

A few general considerations will bring this account^ to a 
close. 

So distinctly radioactive an element as uranium hai| an 
average life period of 8000 millions of years; and the\^life 
periods of elements which have not been observed to be radio- 
active must be immensely longer than that of uranium. It 
is consequently impossible to set a limit to the average life 
period of the commonest terrestrial elements. 

Atomic disintegration is accompanied by the disengagement 
of vast stores of integral energy; and uranium, having the 
heaviest atoms, possesses the most energy, which it loses in 
successive stages in its degradation into lead. 

These considerations have several far-reaching consequences. 
Firstly, they have a distinct bearing on the ancient alchemistic 
problem of transmutation. Since the atom of gold is specifi- 
cally lighter than that of lead, it is not a priori impossible 
that lead might yield gold by atomic disintegration, and at 
the same time furnish a large store of heat energy as a by- 
product. On the other hand, it is a priori impossible that 
silver should be transmuted into gold without the supply of 
such vast amounts of energy as would render the process 
economically valueless. 

Secondly, the vast stores of energy which are contained 
within the atoms must have been absorbed during the forma- 
tion of these atoms from the primal substance; and the dis- 
integration of radioactive elements, which is known to be 
taking place, must be causing equally vast quantities of energy 
to be liberated. Consequently it is believed that the internal 
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heat of the earth, and perhaps the maintenance of solar and 
stellar temperatures, are to be attributed to the disintegration 
of radioactive elements. That it may be possible some day 
for man to utilize the vast stores of sub-atomic energy by 
causing and controlling atomic disintegration, provides a pros- 
pect more revolutionary than any alchemist’s dream, but as 
yet, not within our grasp. According to Rutherford, only 
about one highly energized a-particle in 100,000 produces 
transformation of one nitrogen nucleus. 

In a former edition of this book it was suggested that the 
periodic law must constitute a hieroglyphic whose final inter- 
pretation would afford a solution of the problem of the origin 
and destiny of matter. So much advance has now been made 
towards this goal that the periodic system, modified by the 
substitution of atomic numbers for atomic weights, has be- 
come stereotyped as a completed inventory of the elements. 
For the additions to our knowledge of the constitution of the 
atom during recent years have been so wonderful, that whilst 
it would be unphilosophical to claim absolute or final know- 
ledge concerning this stupendous subject, yet a way has been 
opened to the springs of what we call the material universe, 
beyond which it appears to the chemist of to-day that it is 
hardly possible for him to penetrate. 

The origins of the material universe still await solution, 
and the decision as to how many of the units, proton, neutron, 
electron, and positron are fundamental, is of first importance. 
Whether the final analysis will reveal a dualism of particle 
and electrical property, or will disclose a deeper unity, can 
only be surmised. 

Prout’s hypothesis that the atom of hydrogen marks the 
first step in the evolution of the elements foreshadowed the 
experimental observation that all atomic nuclei appear to 
contain protons and their neutral counterpart, neutrons. Atoms 
synthesized from smaller nuclei, however, do not possess 
a mass which is the sum of their constituent masses, as Prout 
supposed, but a small change of mass occurs due to the “ pack- 
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ing ” effect. That mass may be lost, e.g. when the helium 
atom is synthesized from its units, is no doubt repellent 
to the chemist to whom the conservation of mass has become 
axiomatic. The liner details of nuclear transformations, 
however, are in accord with a unified law of conservation, 
according to which mass and energy are interconvertible. 
This is no mere speculation, for the genesis of an electron 
and positron consequent on the annihilation of light energy, 
as well as the reverse process, can be demonstrated. Os the 
cosmic scale we are even being familiarized with the Mea 
that the sun is losing mass in order to outpour fiery energy 
unceasingly into space. \ 

The exceedingly minute nucleus is considered to rotate 
under quantized conditions, and may give rise to y-rays just 
as the outer electrons give rise to light in the visible region 
of the spectrum. 

Interwoven with these problems there are others. Why 
does the wave motion which we call light sometimes behave 
as if it were little “ packets ” of energy, or photons, recalling 
Newton’s corpuscles, and, on the other hand, why do electrons 
and beams of free-fiying molecules display characteristics of a 
wave motion? 

The atoms of matter are not everlasting; radioactivity is 
the evidence of their self-destruction. The evolved helium 
leaves the earth’s atmosphere, together with hydrogen, which 
also is too light to stay here; and it is possible that these terres- 
trial fragments enter again into the making of new atoms in 
some far off space. Whether, however, the making and un- 
making of matter are processes that repeat themselves as a 
swinging pendulum repeats its path, is the last question that 
can be asked; and its answer lies hidden yet beyond the horizon 
of human knowledge. 
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Fixation of nitrogen, 346. 
Fluorine, oxides of, 424, 449- 
Fluorine, preparation of, 427 
Fluorine, properties of, 429. 
Fluorophosphoric acids, 313. 
Francium, 151. 

Fulminating gold, 173. 
Fusible precipitate, 203. 


Gadolinium, 20^, 237 
Gallium and indium, lower chlorides of, 
226. 

Gallium and indium oxides, 226. 
Gallium trichloride, 224. 

Gaseous combination, 9. 

Gases, inert, in air, 509. 

Gay-Lussac’s law, 7. 

Germanium monoxide, 261. 
Germanium, properties of, 244. 
Germanium tetrachloride, 248. 
Germanous chloride, 253. 

Gold (see Aurous and Auric). 

Gold, co-ordination compounds of, 176. 
Gold, properties of metal, 166. 

Gold, sulphides of, 174. 

Group O elements, 505. 


Group I, 151. 

Group II, 176, 

Group III elements, 205. 

Group 111 B elements, 208. 

Group IV hydrides, MH4, 245. 

Group IV, study of, 240. 

Group IV A elements, 268, 

Group IV A oxides, 270. 

Group IV B chloroforms, 2 so. 

Group IV B elements, 243 - 
Group IV B halides, MX4, 247. 

Group IV B oxides, MOa, 253. 

Group IV B oxychlorides, 250. 

Group IV B, study of, 242. 

Group V elements, 274. 

Group V A elements, 340. 

Group V B hydrides, 275. 

Group V B, study of, 275. 

Group V B, summary of, 277. 

Group VI elements, study of, 356, 
Group VI A complex oxides, 410. \ 
Group VI A halides, 406. 

Group VI A metals, 405. \ 

Group VI A oxides, 409. 

Group VI B elements, 360. 

Group VI B halides, 368. 

Group VI B oxides, 370. 

C 5 roup VII elements, 424. 

Ciroup VII, summary of, 429 
Group VIIl, elements, 464. 

Gutzeit’s test, 327. 

Gypsum, 189. 

H 

Hafnium, 205, 268. 

Hafnium, discovery and occurrence ot 
269. 

Hafnium hydroxide, 271. 

Hafnium, oxide, 270. 

Hafnium peroxide, 238, 273. 

Hafnium sulphate, 272 . 

Hafnium, tetrafluoride, 271. 
Hafnium-zirconium separation, 269. 
Halanhydrides, 124. 

Halides, 122. 

Halides, complex, 126. 

Halogen elements, study of, 424 
Halogen hydracids and salts, 430. 
Halogen hydracids, properties of, 432. 
Halogen oxides and oxyacids, 433. 
Halogen oxyacids, relative strengths of, 
444 - 

flalogcns, preparation of, 426. 

Heats of formation 92. 

Helium, discovery of, 507. 

Hei lum group, 505. 

Hei eropoly acids, 417. 
He\ahydroxyplatinates, 477 
He\athionic acid, 380. 

I loi mann’s test, 328, 

Holmium, 205, 208, 237. 

Hydrazine, 280. 

Hydrazine, preparation of, 281. 
Hydrazine, properties of, 282. 
Hydrazoic acid, 282. 

Hydrazoic acid, properties of, 283. 
Hydrazoic acid, salts, of 283. 

Hydrazoic acid, structure of, 284. 
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Hydrides of sulphur, selenium, and 
tellurium, 367. 

Hydrides of transition elements, 101. 
Hydrides XHa, 366. 

Hydrides XHa, physical properties of, 
366. 

Hydroboranes, 212. 

Hydroferrocyanic acid, 483. 
Hydrofluosilicic acid, 248. 

Hydrogel, 256. 

Hydrogen, 420. 

Hydrogen, atomic, 420. 

Hydrogen, atomic weight of, 42 1 . 
Hydrogen bond, 82, 300. 

Hydrogen, heavy, 421. 

Hydrogen, ortho- and para-, 421. 
Hydrogen peroxide, 390. 

Hydrogen peroxide and the peracids, 

Hylrogen peroxide, constitution of, 393. 
Hydrogen peroxide, reactions of, 137, 


392- 

Hydrogen phosphide, gaseous, 306. 
Hydrogen phosphide, liquid, 307. 
Hydrogen phosphides, solid, 308. 
Hydrogen triatomic, 421. 

Hydrosol, 256. 

Hydroxides, 113. 

Hydroxylamine, 285, 288. 
Hydroxylamine, constitution of, 287, 
289. 

Hydroxylamine disulphonic acid, hy- 
drolysis of, 287. 

Hydroxylamine, preparation of, 286. 
Hydroxylamine, properties of, 288. 
Hypoborates, 222. 

Hypochlorous acid, 434. 

Hyponitrous acid, 289. 

Hyponitrous acid, constitution of, 290, 
293. 

Hyponitrous acid, preparation of, 290. 
Hypophosphite ion, structure of, 312. 
Hypophosphoric acid, 323- 
Hypophosphorous acid, 314. 
Hyposulphurous acid, 380. 
Hypovanadic oxide, 341. 

Hypovanadous oxide, 340. 


I 


Illinium, aos, 237. 

Indium sulphide, 229. 

Indium trichloride, 224 
Inert gases in air, 509. 

Inert gases, position of in periodic tabic, 


In^sible precipitate, 203. 
Interhalogen compounds, 425. 
lodates, 440. 

Iodic acid, 4:^8. 

Iodic anhydride, ^0. 

Iodine acetate, 448. 

Iodine azide, 296. 

Iodine, basic character cf, 447* 
Iodine dioxide, 438. 

Iodine phosphate, ^8. 

Iodine sulphate, 448. 

Iodine trichloride, 444. 
lodonium bases, 445* 


[odosobenzene, 445. 
lodoxybenzene, 445. 

Ionic radii, 95, 205, 208. 

Iridium ammincs, 494. 

Indium compounds, 476. 

Iron alum, 472. 

Iron carbonyl hydride, 503. 

Iron carbonyls, 502. 

Iron, cobalt, and nickel, 467. 

Iron, cobalt, and nickel compounds, 468 
Isomerism, cis- and tram.-, 495, ,^98. 
Isomorphism and crystal form, 16. 
Isomorphism, causes of, 17, 96. 
Isomorphism, examples ot, 17, 96. 
Isomorphism, law of, 15. 

Isomorphism, method of, 15. 

Isosteres, 284. 

Isotopes, 46, 527. 

Isotopes and chemical properties, 423. 
Isotopes, list of, 528. 

Isotopes, separation of, 529. 

Isotopes, table of, 48. 

Isotopy and atomic weights, 49, 56, 421. 
l&otopy and the periodic law, 50. 
Isotopy of non-radioactive elements, 46. 


Krypton, 508. 


Lakes, 228. 

Lanthanide contraction, 207, 274. 
lanthanum, 206, 237. 

Law of definite proportion, 2. 

Law of Dulong and Petit, 13. 

Law of maximum work, 93. 

Law of multiple proportions, 3. 

Law of octaves, 25. 

Law of radioactive displacement, 46, 527 
Law of reciprocal proportions, 4. 

Law of uniform atomic plan, 63. 

Lead, atomic weights of, 528. 

Lead carbonate, 264. 

Lead chloride, 253. 

Lead hydroxide, 262. 

Lead monoxide, 262. 

Lead nitrate, 263. 

Lead salts, 263. 

Lead suboxide, 264. 

Lead sulphate, 263. 

Lead tetrachloride, 248. 

Leucone, 251. 

Limiting density, 12. 

Litharge, 262. 

Lutecium, 205, 237. 

Luteocobaltic chloride, 487. 


M 


Magnesium, 178. 

Magnesium carbonate, i8z« 
Magnesium chloride, 180. 
Magnesium hydroxide, 179. 
Magnesium nitride, 183. 

Magnesium oxide, 179- 
Magnesium peroxide, 183. 
Magnesium potassium sulphate, 183. 
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Magnesium sulphate, 183* 

Magnetic perturbation, 61. 

Manganates, 136, 456. 

Manganese, ^50. 

Manganese dioxide, 454. 

Manganese heptoxide, 457. 

Manganese, oxides of, 451. 

Manganese tetrachloride, 454. 

Manganese trioxide, 455. 

Manganic alum, 453. 

Manganic oxide, 452. 

Manganic salts, 4^3. 

Mangano-manmnic oxide, 452. 
Manganous chloride, 451. 

Manganous oxide, 451. 

Manganous salts, 451. 

Manganous sulphate, 451. 

Manganous sulphide, 451. 

Marm’s test, 327. 

Massicot, 262. 

Mass numbers, 48, 49. 

Mass-spectra, 47. 

Masurium, 460. 

Maximum work, law of, 93. 

Mercuric chloride, 201. 

Mercuric compounds, 199. 

Mercuric compounds, ammoniacal, 203 
Mercuric iodide, 202. 

Mercuric nitrate, 202. 

Mercuric nitride, 203. 

Mercuric oxide, 199. 

Mercuric sulphate, 202. 

Mercuric sulphide. 200. 

Mercurous bromide, 199. 

Mercurous carbonate, 199. 

Mercurous chloride, 198. 

Mercurous compounds, 198. 

Mercurous iodide, 199. 

Mercurous nitrate, 199. 

Mercurous oxide, 198. 

Mercurous sulphate, 190. 

Mercurous sulphide, 198. 

Mercury, 197. 

Metaborates, structure of, 1x8. 
Metaboric acid, 219. 

Metallic linkages, 86. 

Metaphosphoric acid, 320. 
Metaphosphorous acid, 316. 
Metaphosphoryl chloride, 322. 
Metaplumbates, 255. 

Metasilicates, 255. 

Metasilicic acid, 255. 

Metastannates, 2^5. 
a-metastaimic acid, 255* 

S-metastannic acid, 260. 

Methane, 245. 

Millon's base, 203. 

Minerals, radioactive, 5x4. 

Molecular compounds, 21. 

Molecular volume, 31* 

Molecular weights by limiting densities, 

12 . 

Molybdates, complex, 416. 
Molybdenum, 405. 

Molybdenum halides, 406, 
Molybdenum oxides, 409. 

Molybdic, acid, 4x5* 

Molybdic acids, complex, 417. 

Multiple proportions, law of, 3. 


N 

Neodymium, 205, 236, 237. 

Neutral oxides, 107. 

Neutrons, 58, 532. 

Nickel, 467. 

Nickel carbonyl, 502. 

Nickel, compounds of, 468. 

Nickel dimethylglyoxime, 501. 

Nickelic oxide, 473. 

Nickelites, 473. 

Nickelous oxide, 470. 

Nickelous salts, 470. 

Niton, 509. 

Nitramide, 291. 

Nitrate of lime, 348. 

Nitric acid, 302. 

Nitric acid, reduction of by mctajs, 142 
Nitric anhydride, 303. 

Nitric oxide, 296. \ 

Nitrifying bacteria, 347. \ 

Nitrites, 293. \ 

Nitrites, constitution of, 292, 293. \ 
Nitrogen, 278. 

Nitrogen, active, 279. 

Nitrogen atom, disruption of, 531 
Nitrogen chloride, 294. 

Nitrogen chloride, hydrolysis of, 86. 
Nitrogen compounds, classes of, 284. 
Nitrogen dioxide, 297. 

Nitrogen, fixation of, 346. 

Nitrogen, fixation processes, 351. 
Nitrogen, halogen derivatives of, 295. 
Nitrogen h exoxide, 303. 

Nitrogen, hydrides of, 279. 

Nitrogen iodide, 295. ‘ 

Nitrogen, oxides of, 296. 

Nitrogen products, 348. 

Nitrogen trifluoride, 295. 

Nitrogen trioxide, 303. 

Nitrogen trioxyfluoride, 302. 
Nitroprussides, 484. 

Nitrosylcarbonyls, 503. 

Nitrosyl chloride, 297. 

Nitrosyl fluoride, 295. 

Nitrosyl salts, 503. 

Nitrous acid, 291. 

Nitrous oxide, 296. 

Nitroxyl or nitryl chloride, 302. 
Nitroxyl fluoride, 295. 

Non-valent elements, 505. 

Nuclear transformations, 530. 

Nucleus of atom, fracture of, 531. 
Numbers, atomic, 51. 

O 

Octaves, law of, 25. 

Octet theory. 70. 

Odd molecules, 88. 

Ortho-acids, 116. 

Orthoboric acid, 217. 

Orthophosphoric acid, 318. 

Orthosilicic acid, 254. 

Orthostannic, acid, 254. 

Osmic oxide, 85, 478. 

Osmium compounds, 476. 

Osmium tetroxide, 478. 

Oxidation and reduction, 127. 
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Oxidation, definition of, 128, 130. 
Oxidation in the dry way, 139. 
Oxidation in the wet way, 140. 
Oxidation-reduction potential, 131. 
Oxides, classification of, 106, in. 
Oxides, hydrous, 119. 

Oxides, nydroxides, and allied com- 
pounds, 106. 

Oxidizing and reducing agents, 129. 
Oxidizing intensity, 13 1. 

Oxidizing {potentials, table of, 132. 
Oxonium compKPunds, 358, 368. 

Oxygen, allotropy of, 360. 

Ox^^n and ozone, physical pro{>ertieB 
of, 361. 

Oxysalts, 126. 

Ozone, 360. 


Packing effect, 49. 

Palladium com{>ounds, 476, 498. 
Parachor, 31, 78. 

Paramagnetism, 89. 

Pauli’s exclusion principle, 62. 
Pcntathionic acid, 388. 

Peracids, 393. 

Peracids, elements forming 397. 

Peracids, formation of, 393. 

Peracids, table of, 398. 

Perborates, 396. 

Percarbonates, 403. 

Percarbonates, structure of, 395. 
Perchloric acid, 441. 

Perchloric acid monohydrate, 449. 
Perchloric anhydride, 441. 

Perchromates, 404. 

Percolumbates, 344. 

Perdisulphunc acid, 399. 

Pergermanates, 242. 

Periodates, ^43. 

Periodic acid, 447. 

Periodic acid, structure of, 4^9. 

Periodic classification, objections to, 39. 
Periodic law, 26. 

Periodic law, development of, 26, 
Periodic law, practical applications of, 
35. 

Periodic Table I, 28. 

Permanganates, 458. 

Permanganic chloride, 458. 

Permanganic sulphate, 458. 
Permonosulphuric acid, 400. 

Peroxides, 108. 

Per-rhenic acid, 463. 

Persalts, constitution of, 394. 
Perstannates, 242. 

Persulphate ion, structure of, 395- 
Persulphates, reactions of, 399. 
Persulphides, 122. 

Persulphuric acids, 397* 

Pcrtantalates, 344. 

Pertitanates, 273» 274.* 

Perturbation, magnetic, 61. 
Pcrzirconates, 273* 

Physical properties, periodicity of, 26, 
29- 

Phosgene, 250. 

Phosphate ion, structure of, 312. 
Phosphates, 319. 


Phosphine, 306. 

Phosphite ion, structure of, 312. 
Phosphonium iodide, 307. 

Phosphoric acid, forms of, 317. 
Phosphoric anhydride, 316. 
Phosphorosophosphouc oxide, 322. 
Phosphorous acid, 315. 

Phosphorous anhydride, 315. 
Phosphorus, 303. 

Phosphorus, allotropic forms of, 305. 
Phosphorus, hydrides of, 306. 
Phosphorus oxychloride, 321. 
Phosphorus, oxygen derivatives of, 308 
Phosphorus pentachlonde, 311, 321. 
Phosphorus pentachlonde, structure of, 
311. 

Phosphorus sesquisulphide, 324. 
Phosphorus suboxide, 309. 

Phosphorus, sulphides of, 324. 
Phosphorus tetraiodide, 300. 

Phosphorus trichloride, 310. 
Phosphorus, valency of, 31 1. 
Phosphotungstic acid, crystal structure 
of, 418. 

Phosphoryl chloride, 32 1 . 

Plaster of Paris, 189. 

Platinichlondes, 477. 

Platinous hydroxide, 47';. 

Platinum ammines, 494. 

Platinum compounds, 476. 

Platinum metals, 474. 

Plumbites, 263. 

Polarization, 88, 96. 

Polar molecules, 73. 

Polonium, 514. 

Polyhalides of Group I, 158. 

Polyoxides, no. 

Polysulphidcs, 122. 

Polysulphides of alkaline earths, 187. 
Polyvalency, 86. 

Positive ray analysis, 46. 

Positron, 533. 

Potassium, 153. 

Potassium cobaltic carbonate, 473. 
Potassium ferrate, 474. 

Potassium ferricyanide, 484. 

Potassium ferrocyanide, 482. 

Potassium osmate, 478. 

Potassium permanganate, 458. 
Potassium perrhenate, 464, 

Potassium perruthenate, 477. 

Potassium platinate, 478. 

Potassium rhcnichloride, 462. 
Potassium nithenate, 477. 

Potassium tetroxide, 156. 
Praseodymium, 205, 236, 237. 
Protoactinium and compounds, 530. 
Proton, s8, 53 1, 532, 533* 

Protyle, 512. 

Prussian blue, insoluble, 483. 

Prussian blue, soluble, 483. 
Purpureocobaltic chloride, 487. 
Pyro-acids, 116. 

Pyroboric acid, 219- - 

Pyrophosphate ionj structure of, 312- 
Pyrophosphoric acid, 319. 
Pyrophosphorous acid, 315. 
Pyrophosphoryl chloride, 322. 
Pyrosulphunc acid, 378. 
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Q 

e tum groups, 63. 

turn numbers. 60, 61, 62. 
turn theory or specific heat, 14. 

R 

Radioactive elements, average life of, 

« 523. . 

Radioactive series, 524. 

Radioactive series, branched, 524. 
Radioactivity, ^13. 

Radioactivity, induced, 533. 
Radioactivity, summary, ^5. 
Radioelements and periodic law, 46, 525. 
Radium, 515. 

Radium, average life-period of, 521. 
Radium, chemistry 01, 515. 

Radium chloride, 188. 

Radium, half-life period of, 521. 
Radium, heat of disintegration of, 519. 
Radium, successive disintegrations of, 
522. 

Radon (niton), 509. 

Rare-earth elements, 205. 

Rare-earth elements and periodic law, 
41. 206. 

Rare-earth metals, 237. 

Rare-earth metals, atomic structures of, 
65, 206. 

Rare-earth metals, basic strength of, 238. 
Rare-earth metals, classification of, 237. 
Rare-earth metals, compounds of, 238. 
Rare-earth metals, separation of, 235. 
Rays, a, / 3 , y, 45, 516. 

Realgar, 329. 

Reciprocal pr(^rtions, law of, 4. 
Reduction, definition of, 128, 130. 
Reduction in solution, 147, 

Reduction in the dry way, 147. 
Reservoirs, analogy of, 522. 

Resonance, 215. 

Rhenates, 463. 

Rhenites, 462. 

Rhenium, 460. 

Rhenium dioxide, 462. 

Rhenium disulphide, 463. 

Rhenium heptasulphide, 464. 

Rhenium heptoxide, 463. 

Rhenium hexafluoride, 463. 

Rhenium, oxides of, 462. 

Rhenium pentachloride, 463. 

Rhenium tetrachloride, 463. 

Rhenium trihalides, 462. 

Rhenium trioxide, 463. 

Rhodic nitrate, 477. 

Rhodic sulphate, 477. 

Rhodium compounds, 476. 
Roseocobaltic chloride, 487. 

Rule of Grimm and Sommerfeldt, 83. 
Ruthenium compounds, 476. 

Ruthenium tetroxide, 478. 


Samarium, 205, 237 
Scandium, 38, 205. 
Selenic acid, 377. 


Selenious acid, 372. 

Selenium, 364. 

Selenium, amorphous, 364. 

Selenium and tellurium, ailotropic forms 
of, 366. 

Selenium, colloidal, 365. 

Selenium dioxide, 370. 

Selenium metallic, 365. 

Selenium monochloride, 369. 

Selenium, red crystalline, 365. 

Selenium tetrachloride, 369. 

Selenium tetrafiuoiide, 369 
Selenium trioxide, 376. 

Selenium vitreous, 364. 

Self-oxidation, 148. 

Semi-polar double bond, 75, 78 
Silane, 245. 

Silica gel, 256. 

Silica, insoluble, 256. 

Silicates, structure of, 257. 

Silicic acids, 119, 257. 

Silicochloroform, 251. 

Silicon chlorides, higher, 251. \ 

Silicon monoxide, 261. \ 

Silicon, hydrides of, 247. 

Silicon tetrachloride, 248. 

Silicon tetrachloride, hydrolysis of, 85- 
Silicon tetrafluoride, 248. 

Silver, bivalent, 175, 176. 

Silver chloride, 168. 

Silver cyanide, i7o. 

Silver halides, solubilities of, 169. 

Silver oxide, 168. 

Silver peroxide, 175. 

Silver suboxide, 175. 

Silver sulphide, 174. 

Soddy’s law, 46, 527. 

Sodium carbonyl, 293, 502. 

Sodium formaldehydesulphoxylate, 381 
Sodium halides, 1^7. 

Sodium hypochlorite, 435. 

Sodium monoxide, 154. 

Sodium nitrosvl, 293. 

Sodium oxysalts, 163. 

Sodium peroxide, 155. 

Sodium, properties of, 153. 

Sodium rhodate, 478. 

Sodium suboxide, 155. 

Sodium sulphate, 161. 

Sodium sulphide, 164. 

Sodium thiosulphate, reactions of, 383. 
Specific heat, method of, 13. 

Specific heats and quantum theory, 14. 
Spectra, Bohr's theory of, 59. 

Spectra, origin of, 60. 

Spectra. X-ray, 52. 

Spectral lines of hydrogen, numerical 
relationships between, 60. 
Spinthariscope, 516. 

Stannates, 201. 

Stannic acids, 260, 261. 

Stannic chloride, 248. 

Stannic sulphide, 268. 

Stannous chloride, 253. 

Stannous oxide, 261, 262. 

Stannous sulphate, 262. 

Stannous sulphide, 267. 

Stars and nebulse, spectra of, 512. 

Stars, chemical classification of, 512 
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Stationary states, 6o. 

Stereochemistry of beryllium, 500. 
Stereochemistry of carbon, 77. 
Stereochemistry of chromium, 496. 
Stereochemistry of cobalt, 491. 
Stereochemistry of copper, 82, 498. 
Stereochemistry of nickel, 498, 501. 
Stereochemistry of palladium, 498. 
Stereochemistry of platinum, 495, 498. 
Stereochemistry of sulphur, 359, 390. 
Stibine, 327. 

Strontianite, 190. 

Strontium carbonate, 190. 

Strontium chloride, 188. 

Strontium oxide and hydroxide, 185. 
Strontium peroxide, 186. 

Strontium sulphate, 189. 

Strontium sulphide, 186. 

Structure, atomic, 58, 530, 534. 
Structure of oxy-ions, 81. 

Sulphides, 110. 

Sulphinic acids, 78, 389. 

Sulphones, 389. 

Sulphonic acids, 389. 

Sulphonium compounds, 390, 446. 
Sulphoxides, 380. 

Sulphoxylic acid, 381. 

Sulphur, allotropy of, 361, 364. 
Sulphur, amo:^nous, 363. 

Sulphur, dioxide, 370. 

Sulphur heptoxide, 397. 

Sulphur hexafluoride, 369. 

Sulphur monochloride, 369. 

Sulphur, monoclinic, 361, 

Sulphur monoxide, 381. 

Sulphur, nacreous, 362. 

Sulphur, oxyacids of, 380. 

Sulphur, rhombic, 361. 

Sulphur sesquioxide, 382. 

Sulphur, tabular, 362. 

Sulphur tetrachloride, 369. 

Sulphur tetroxide, 397. 

Sulphur trioxide, 376. 

Sulphuric acid, 377. 

Sulphurous acid, 372. 

Sulphurous acid, constitution of, 373- 
Sulphuryl chloride, 379. 

Supercxide, no. 

Symmetry of groups, 80. 

T 

Tantalum, 343 - „ 

Tantalum, complex fluorides 01, 345. 
Tantalum disulphide, 346. 

Tantalum pentahalides, 345* 
Tantalum pentoxide, 344. 

Tantalum trichloride, 344. 
Technetium. 461. 

Telluric acid, 377* 

Tellurious acid, 372. 

Tellurium, 365. 

Tellurium, amorphous, 365- 
Tellurium, crystallized, 365 
Tellurium dichloride, 369. 
Tellurium dioxide, 370. 

Tellurium tetrachloride, 369. 
Tellurium, trioxide, 376. 

Terbium, 205, 237# *38. 

Terbium group, 237 - 


Tetraboric acid, 219. 

Tetrachromate, 416. 

Tetramethyl ferrocyanide, 484. 

1 etrathionic acid, 387. 

Thallic chloride, 233. 

Thalhc compounds, 233. 

Thalhc hydroxide, 233. 

Thallic oxide, 233. 

Thalhc sulphate, 234. 

'Thallium, 229. 

'I’halhum, propierties of, 230. 

Thallous carbonate, 232. 

'Thallous chlorate, 232. 

'Thallous chromate, 232. 

'Thallous compounds, 231. 

Thallous halides, 23 1 . 

Thallous hydroxide, 231. 

Thallous nitrate, 232. 

Thallous perchlorate, 232. 

Thallous phosphate, 232. 

Thallous platinichlundc, 232. 

Thallous sulphate, 232. 

Thallous sulphide, 231. 

Thioarsenates, 339. 

Thiocarbomc acids, 260. 

Thionic acids, 385. 

Thionic acids, comparative reactions of, 

389- 

'Thionic acids, constitution of, 388. 
'Thionyl chloride, 373. 

Thiophosphoryl chloride, 324. 
Thiostannates, 268. 

'Thiosulphunc acid, 382. 

'Thorium dioxide, 270. 

Thorium hydroxide, 271. 

Thorium nitrate, 272. 

Thorium peroxide, 273. 

Thorium sulphate, 272. 

Thorium tetrachloride, 272. 

Thorium tetrafluonde, 271. 

Thulium, 205, 237. 

Tin and lead, comparison of, 244. 

Tin tetrachloride, 248. 

Titanic sulphate, 272. 

Titanium dioxide, 270. 

'Titanium hydroxides, 270. 

'Titanium peroxide, 238, 273. 

Titanium tetrachloride, 272. 

Titanium tetrafluoride, 271. 

Titanous chloride, 273. 

Transitional elements, 64. 

Triads of Dbbcreiner, 25* 

Trichromate, 416. 

Tnthionic acid, 387. 

Tritium, 423. 

Tungstates, complex, 417. 

'Tungsten, 40*;. 

Tungsten halides, 406. 

Tungstic acid, 415. 

Tungstic acids, complex, 417 
'Turpeth mineral, 202. 

'Typical elements, 27* 


U 

Uranates, 419. 
Uranium, 40<;. 
Uranium halides, 406, 
Uranium oxides, 409. 
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Uranium X, 514. 

Uranoua salts, 414, 

Uranyl salts, 4x9. 

V 

Valencies, contra-, 22, 70, 76. 

Valencies, normal, 22, 70, 76. 

Valencies, principal ana auxiliary, 493. 
Valency, 18. 69. 

Valency and periodic system, lo. 
Valency, electronic theory of, 09. 
Valency electrons, 60, 70. 

Valency, ionized and non-ionized, 72. 
Valency number, 83. 

Valency, octet theory of, 70. 

Valency, periodicity of, 34. 

Valency, positive and nerative, 22. 
Valency, secondary, residual, or held, 73. 
Valency, transitional type 01, 86. 
Valency, Werner’s doctrine of, 493, 497. 
Vanadates, 342. 

Vanadic acids, 341. 

Vanadic oxide, 341. 

Vanadium, 340. 

Vanadium compounds, 342. 

Vanadium monoxide, 340. 

Vanadous oxide, 341. 

Vapour density, method of, 10. 
Vibration frequency, 15, 32. 

Volumes, law of, 7. 

W 

Wackenroder’s solution, 388. 

Water, association of, 359. 

Water of crystallization, 82, 

White lead, 26s, 

Wilson cloud chamber, 57. 

Witherite, 190. 


X-ray spectra, 52, 
Xanthate, potassium, 266. 
Xenon, 508. 


Yttrium, 205, 23s, 237* 
Yttrium group, 237. 


Zeeman effect, 61. \ 

Zeolites, 260. \ 

Zinc and cadmium, comparison cl 

193. \ 

Zinc, cadmium, and mercury, 192. 

Zinc carbonate, 196. \ 

Zinc chloride, basic, 1^05. 

Zinc halides, 195. T 
Zinc oxide and hydroxide, 193. 

Zinc peroxide, 194. 

Zinc sulphate, 196. 

Zinc sulphate double salts, 197. 

Zinc sulphide, 195. 

Zincates, 194. 

Zirconifluorides, 271. 

Zirconium dioxide, 270. 

Zirconium hydroxides, 270. 

Zirconium oxychloride, 272. 

Zirconium peroxide, 238, 273. 
Zirconium sulphate, 27 ^. 

Zirconium tetrachloride, 272. 


Zirconium tetrafiuoride, 271. 
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ssification must be regarded as an open question. 
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